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PREFACE 
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Used  to  Evaluate  Airfield  and  Highway  Pavements,"  it  examines  the  comparability 
of  two  similar  pavement  profile  measuring  systems  owned  by  the  United  States 
Air  Force  and  The  Texas  State  Department  of  Highways  and  Public  Transportation. 
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The  contents  of  this  study  reflect  the  views  of  the  author,  who  is 
responsible  for  the  facts  and  the  accuracy  of  the  data  presented  herein.  The 
contents  do  not  necessarily  reflect  the  official  views  or  policies  of  the 
United  States  Air  Force. 
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CHAPTER  1.  INTRODUCTION 


In  the  past  decade,  considerable  effort  has  been  expended  to  develop 
pavement  evaluation-performance  systems.  A major  innovation  has  been  the 
application  of  the  "serviceability-performance  concept"  (Ref  1)  to  the  eval- 
uation of  highway  pavements  and  the  accompanying  use  of  relatively  high  speed 
profiling  devices  to  predict  serviceability  ratings.  Much  work  has  been 
done  to  develop  this  concept  as  it  applies  to  highway  pavements;  however, 
there  has  been  relatively  less  application  of  such  concepts  to  the  more 
complex  realm  of  airfield  pavement  performance. 

Paramount  to  the  effective  application  of  any  systems  approach  to  pave- 
ment management  is  the  establishment  of  decision  criteria  with  which  one  can 
evaluate  the  system's  output  (Ref  2).  In  other  words,  it  must  be  decided 
what  constitutes  failure  of  the  pavement  system.  There  are  two  concepts  that 
may  be  used  to  solve  this  problem.  One  is  to  define  failure  as  the  inability 
of  a pavement  to  fulfill  its  purpose,  that  is,  being  functional.  Func- 
tional failure  is  inherent  in  the  serviceability-performance  concept,  where 
empirically  determined  terminal  levels  of  serviceability  are  used  to  define 
functional  failure  for  highway  pavements.  Since  some  determination  of  pave- 
serviceability  is  necessary  to  define  functional  failure,  this  concept  of 
defining  failure  has  not  been  applied  to  airfield  pavements,  a major  factor 
being  that  certain  aircraft  types  can  safely  operate  on  pavements  that  have 
"failed"  for  others. 

The  second  concept  of  defining  failure  is  to  quantify  the  various  mech- 
anisms and  manifestations  of  failure,  or  distress  (i.e.  fracture,  distortion, 
and  disintegration).  There  are,  however,  no  precise  or  generally  accepted 
definitions  of  this  type  of  failure  that  relate  to  some  level  of  serviceability 
or  performance  (Ref  2).  Structural  adequacy  and  surface  condition  ratings 
have  been  used  for  years  in  attempting  to  evaluate  pavement  structures.  They, 
however,  offer  little  help  in  actually  defining  degree  of  failure  (Ref  3), 
providing  only  estimates  of  how  bad  a pavement  is  and  when  and  how  much  main- 
tenance or  repair  is  necessary. 
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As  concern  grows  for  the  improved  safety,  comfort,  and  convenience  of 
air  travel,  the  ever  increasing  costs  of  constructing  and  maintaining  the 
investment  represented  by  our  airfield  pavements  necessitates  continual 
progress  in  developing  effective  and  efficient  airfield  pavement  evaluation- 
performance  concepts  and  methods. 

Backgrou nd 

The  pavement  serviceability-performance  concept  is  a direct  result  of 
the  American  Association  of  State  Highway  Officials  (AASHO)  Road  Test  con- 
ducted in  the  late  1950's  and  early  1960's.  An  essential  element  of  a 
systems  approach  to  highway  pavement  design,  the  serviceability-performance 
concept  is,  in  concise  terms,  the  application  of  subjective  serviceability 
ratings  to  define  a "wear  out"  or  performance  function  for  a particular 
pavement . 

Carey  and  Irick  (Ref  1)  define  present  serviceability  as  "the  ability  of 
a specific  section  of  pavement  to  serve ...  traffic  in  its  existing  condition," 
and  "performance  is  assumed  to  be  an  overall  appraisal  of  the  serviceability 
history  of  a pavement."  The  application  of  these  terms  to  define  a wear  out 
function  in  a systems  approach  to  airfield  pavement  design  was  developed  by 
Hudson  and  Kennedy  (Ref  3)  and  is  shown  in  Fig  1.1.  McCullough  and  Pearson 
(Ref  4)  outlined  some  of  the  difficulties  in  applying  the  highway  pavement 
design  system  to  U.S.  Air  Force  airfield  pavements.  The  determination  of 
airfield  pavement  serviceability  is  more  difficult  than  in  the  highway  pave- 
ment case  because  of  widely  varying  aircraft  (vehicle)  weights,  landing  gear 
configurations,  speeds,  and  the  seemingly  more  critical  fact  that  the  vehicle 
must  safely  leave  and  return  to  the  pavement  surface. 

The  lack  of  progress  in  applying  the  serviceability  concept  to  airfield 
pavements  is  not  the  result  of  a lack  of  research  concerning  airfield  pavements. 
The  National  Aeronautics  and  Space  Administration  (NASA),  the  U.S.  Air  Force, 
and  others  have  long  been  investigating  the  operating  problems  related  to 
airfield  pavement  roughness  (Ref  5).  Of  particular  interest  were  the  efforts 
of  the  U.S.  Air  Force  Weapons  Laboratory  (AFWL) , and  their  accompanying  use 
of  profilometers  to  obtain  runway  profiles. 

The  AFWL,  in  cooperation  with  the  Federal  Aviation  Administration,  is 
in  the  midst  of  a program  to  quantify  runway  roughness.  To  do  so,  two  types 
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Fig  1.1.  Block  diagram  of  the  airfield  pavement  system  (Ref  3). 
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of  runway  profiling  systems  were  developed  to  obtain  input  profiles  for  a 
computerized  aircraft  response  simulation  model.  The  first  is  a laser  system 
(Fig  1.2)  and  obtains  profile  data  by  referencing  a leveled  laser  beam.  The 
second  system  is  an  inertial  type  system,  and  obtains  data  by  referencing  an 
inertial  platform.  The  Air  Force's  inertial  type  system  - hereafter  termed 
Air  Force  Profilometer  - was  designed  for  airfield  pavements  and  is  concep- 
tually similar  to  the  Surface  Dynamics  Profilometer  (trade  name  for  the 
General  Motors  Road  Profilometer)  used  by  the  Center  for  Highway  Research  at 
The  University  of  Texas  at  Austin  in  conjunction  with  the  State  Department  of 
Highways  and  Public  Transportation.  With  the  encouragement  and  assistance  of 
the  AFWL,  the  task  of  comparing  the  Air  Force  Profilometer  and  the  Surface 
Dynamics  Profilometer  was  undertaken.  Thus,  in  April,  1975,  the  Air  Force 
Profilometer  was  brought  to  Austin,  Texas,  and  replicate  measurements  were 
made  with  both  prof ilometer s on  the  flexible  and  rigid  (asphaltic  and  Portland 
cement  concrete)  runways  at  Bergstrom  Air  Force  Base,  a flexible  section  of 
highway  pavement,  and  a rigid  pavement  bridge  deck. 

Concurrent  with  the  efforts  to  compare  the  two  profilometers,  it  was 
believed  some  attempt  could  be  made  to  develop  a preliminary  model  to  predict 
serviceability  ratings  for  airfield  pavements  using  Surface  Dynamics  Profilo- 
meter measurements  and  pilot  serviceability  ratings  of  the  runways  at  Dallas' 
Love  Field  (Ref  6).  Assuming  such  serviceability  indices  would  be  at,  or 
approaching,  a terminal  level  (the  new  Dallas-Fort  Worth  Regional  Airport  was 
already  under  construction  at  the  time  of  data  acquisition),  a limited  veri- 
fication of  the  model  would  be  possible  if  profiles  were  available  from  an 
airport  that  would  produce  relatively  high  serviceability  ratings.  Fortu- 
nately, profile  data  of  the  Dallas-Fort  Worth  Regional  Airport  (D/FW)  were 
going  to  be  available  from  the  AFWL,  and  since  the  runways  had  been  servicing 
traffic  for  less  than  two  years,  a smoother  profile  and  thus  higher  ratings 
could  be  expected.  The  use  of  different  profiling  systems  to  pbtain  profile 
data  on  the  Love  Field  and  D/FW  runways  was  recognized  as  a restriction,  but 
perhaps  anticipating  some  correlation  between  the  Air  Force  and  Surface 
Dynamics  Profilometers,  it  was  believed  corrections  could  be  made  to  achieve 
valid  results. 

There  were,  however,  complications.  Because  of  equipment  malfunctions 
and  a rigid  schedule,  profile  data  from  the  Air  Force's  inertial  system  were 
not  available.  However,  profile  data  on  one  runway  as  measured  with  the  Air 
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Force  laser  system  were  made  available,  and  in  actuality  are  more  accurate 
data,  as  they  represent  a true  profile  (Ref  7).  As  a result,  the  comparison 
of  the  two  inertial  type  prof ilometers  to  validate  the  results  of  predicting 
airfield  serviceability  ratings  was  no  longer  necessary.  The  comparison 
was  continued,  however,  in  order  to  evaluate  the  prof ilometers  in  applications 
other  than  called  for  in  their  original  designs. 

Another  complication,  which  concerned  the  development  of  the  preliminary 
airfield  serviceability  index  model,  made  it  impossible  to  obtain  the  neces- 
sary profile  data  within  the  time  frame  of  this  study.  Thus,  without  such 
profile  data  in  digital  form,  a planned  regression  analysis  of  profile  data 
upon  pilot  serviceability  ratings  was  not  performed,  and,  hence,  the  dis- 
cussion of  the  application  of  the  serviceability-performance  concept  to  air- 
field pavements  in  Appendix  4 is  investigative  in  nature  and  in  proposal  form. 

Ob  lectives 

This  study  documents  a comparison  of  the  Air  Force,  and  Surface  Dynamics 
Prof ilometers,  discussing  basic  similarities  and  differences  of  the  systems 
and  their  outputs.  The  purpose  of  this  comparison  is  tc  evaluate  each 
profilometer  with  respect  to  the  other  and  in  regard  to  present  applications 
of  each  system.  A secondary  purpose  of  this  study  is  to  investigate  the 
application  of  the  serviceability-performance  concept  to  airfield  pavements, 
providing  another  application  for  each  profilometer. 

Scope 

The  comparison  of  prof ilometers  is  based  primarily  on  the  output  of  the 
systems,  with  background  information  given  concerning  the  basic  characteris- 
tics of  each  system.  It  does  not  delve  into  a complex  component  by  component 
evaluation.  Chapter  2 documents  the  basic  characteristics  of  the  Air  Force 
Profilometer  as  well  as  some  of  the  fundamental  concepts  of  inertial  reference 
profllometers,  and  Chapter  3 presents  similar  information  for  the  Surface 
Dynamics  Profilometer.  Chapter  4 discusses  the  experiment  designed  to  compare 
the  output  of  the  profilometers  as  determined  by  a modified  version  of  a 
computer  program  used  to  characterize  highway  profiles.  It  also  briefly 
guides  the  reader  through  a visual  comparison  of  plotted  profiles.  Finally, 
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Chapter  4 discusses  a statistical  analysis  of  the  comparison  of  mean  roughness 
amplitudes  as  determined  by  each  profilometer . 

The  summary  and  conclusions  of  the  comparison  are  given  in  Chapter  5. 

The  computer  program  used  to  characterize  each  profilometer 1 s output  is 
listed  in  Appendix  1.  Appendix  2 is  a collection  of  plotted  profiles  from 
each  system  presented  for  visual  comparison,  and  Appendix  3 contains  the 
mean  roughness  amplitude  data  used  in  the  statistical  analysis  of  Chapter  4. 
Appendix  4 discusses  an  investigation  of  the  applicability  of  the  service- 
ability-performance concept  to  airfield  pavements,  essentially  proposing  a 
model  to  predict  airfield  serviceability  indices. 


r' 

| 


CHAPTER  2.  AIR  FORCE  INERTIAL  PROFILQMETER  SYSTEM 


As  staced  previously,  the  Air  Force  Weapons  Laboratory  (AFWL)  operates 
two  profilometer  systems  to  obtain  data  for  their  investigations  into  air- 
field pavement  roughness.  The  system  used  for  this  study,  the  inertial 
type,  is  based  on  the  same  principle  of  inertial  reference  on  which  Che 
Surface  Dynamics  Profilometer  is  based. 


General  Description 


The  Air  Force  Profilometer  system  (Fig  2.1)  was  developed  for  the  AFWL 
by  Dynasciences  Corporation,  Scientific  Systems  Division,  Blue  Bell,  Pennsyl- 
vania. The  system  was  designed  to  be  accurate  to  0.1  inch  (0.254  centimeter) 
in  measuring  and  recording  the  vertical  profile  of  a runway  within  the  3 to 
400-foot  (0.9  to  121.9-meter)  wavelength  region  (Ref  8).  The  measured  profile 
is  recorded  in  digital  form  in  6-inch  (15.24-centimeter)  increments  in  a 
format  compatible  with  a CDC  6600  computer.  The  Air  Force  Profilometer 
requires  three  operators:  a driver,  a speed  controller,  and  a technician, 
was  originally  equipped  with  a laser  guidance  system  to  minimize  the 
transverse  error  in  following  a 10,000-foot  (3048-meter)  survey  line  to 
less  than  six  (6)  inches  (15.24  centimeters).  It  was  later  discovered 
that  because  of  joints  and  paint  stripes  on  the  runway,  an  experienced 
driver  could  easily  follow  the  survey  line  within  the  required  tolerances 
(Ref  7).  Thus,  except  where  no  such  reference  lines  exist,  the  laser  guidance 
system  is  not  used  in  normal  operation. 


Principle  of  Operation 


The  basic  principle  of  using  an  inertial  reference,  rather  than  an 
absolute  reference  as  in  rod  and  level  measurements,  is  based  upon  a simple 
mechanical  vibrometer  as  illustrated  in  Fig  2.2.  When  the  surface  following 
wheel  of  the  vibrometer  sncounters  various  surface  irregularities,  it  is 
displaced  vertically  a distance,  w,  from  an  imaginary  inertial  reference.  If 
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U.S.  Air  Force  inertial  profilometer  (photo 
courtesy  of  USAF  Weapons  Laboratory) . 
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the  vertical  displacement  (amplitude)  is  sufficiently  large  and  the  frequency 
of  such  displacements  sufficiently  high,  the  mass  will  be  displaced  vertically 
a distance  z . The  surface  profile,  with  respect  to  the  inertial  reference, 
can  then  be  obtained  by  adding  the  displacement  of  the  mass  (z)  to  the 
displacement  of  the  following  wheel  with  respect  to  the  mass  (w-z). 

The  wheel  to  mass  displacement  (w-z)  is  easily  measured.  The  Air  Force 
Profilometer  uses  a linear  voltage  differential  transformer  (LVDT) , and  the 
Surface  Dynamics  Profilometer  a potentiometer,  to  provide  a signal  proportional 
to  the  displacement  between  the  surface  contour  and  the  mass.  To  obtain 
the  displacement  of  the  mass  (z),  both  the  Surface  Dynamics  and  the  Air  Force 
Profilometers  perform  two  integrations  of  the  acceleration  of  the  mass 
(z)  as  measured  by  an  accelerometer  mounted  on  the  mass.  The  pavement  surface 
profiles  are  obtained  by  continuous  solution  of  the  following  general 
equations : 

w = (w-z)  + fj~  z dt  dt  (Surface  Dynamics)  (2.1) 

W " I [it  (W  " Z)  + I z dtj  (Air  Force)  (2.2) 

The  continuous  solution  of  Eq.  2.2  is  sampled,  digitized,  and  recorded  every 
6 inches  (15.24  centimeters)  by  the  Air  Force  Profilometer  system. 

Configuration  of  the  Measurement  System 

The  Air  Force  Profilometer  is  equipped  with  one  contour  following  wheel 
as  illustrated  in  Figs  2.3  and  2.4.  The  accelerometer  which  measures 
acceleration  of  the  mass  (the  survey  vehicle)  is  mounted  on  a stabilized 
"gimballed  platform"  mounted  on  the  floor  of  the  vehicle  (Figs  2.3  and  2.5). 

The  purpose  of  the  stabilized  platform  is  to  provide  a vertical  axis  for 
accelerometer  input.  Within  an  analog  processor  (see  Fig  2.6),  the 
accelerometer  signal  is  integrated  once  and  added  to  the  first  derivative 
of  the  following  wheel  position  signal.  This  sum  represents  the  inertially 
referenced  rate  of  change  of  the  surface  profile. 
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Follower  Rod  Housing 


160  Lb  Force  Spring 
Follower  Rod 


Follower  Wheel 


Fig  2.3.  Air  Force  Profilometer  following  wheel  assembly  (Ref  8) 
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This  rate  of  change,  or  velocity,  is  integrated  by  the  "Integrator  and 
Sampler"  portion  of  the  analog  processor,  with  the  integrator  being  reset 
every  six  inches.  This  output  represents  profile  change  per  sample  period 
and  is  referred  to  as  the  "Incremental  Position"  signal.  The  pulse  for 
sampling  every  six  inches  (15.24  centimeters)  is  obtained  from  a photocell 
pickup  of  white  marks  every  six  inches  (15.24  centimeters)  along  the  18-inch 
(45.72-centimeter)  circumference  of  the  following  wheel.  The  Incremental  Posi- 
tion is  digitized  in  the  Ana  log -to-Digital  (A/D)  converter  portion  of  the  dig- 
ital processor,  combined  with  a position  identifier,  multiplexed,  and  buffered 
prior  to  being  recorded  on  the  digital  tape  recorder,  (Ref  8). 

Other  circuitry  exists  to  read  the  recorded  data,  demultiplex  it,  and 
convert  the  data  back  to  analog  signals  (D/A)  for  visual  display  on  a 
strip  chart  or  pen  recording.  The  remaining  subsystems  shown  in  the  block 
diagram  are  the  speed  control  system  and  the  control  panel.  The  speed  control 
system  consists  of  an  electric  speedometer  which  receives  its  input  from  the 
photocell  pickup  and  pulse  generator  used  to  sample  the  data.  The 
speed  controller  uses  a hand  control  of  the  vehicle  accelerator  to  keep  the 
electric  speedometer  within  the  proper  range.  The  position  counter  provides 
the  signal  for  the  distance  reading  on  the  control  panel  (Fig  2.7). 


Originally  designed  to  be  operated  using  a laser  for  steering  guidance, 
the  instruction  manual  (Ref  8)  gives  specific  step-by-step  procedures  for 
measuring  a runway  profile  with  the  Air  Force  Profilometer  using  the  laser 
guidance  system.  Since  the  laser  guidance  system  is  not  normally  used, 
there  remain  two  methods  of  obtaining  pavement  profiles.  The  first  method 
is  to  achieve  the  proper  measuring  speed  of  30  feet  per  second  (9.14  meters 
per  second)  and  then  initiate  the  recording  of  data  when  the  following 
wheel  crosses  the  start  of  the  survey  line.  The  second  method  is  to 
position  the  following  wheel  a set  distance  before  the  beginning  of  the  survey 
line,  record  data  during  the  acceleration  of  the  profilometer,  and  later 
discard  the  data  recorded  prior  to  the  desired  survey  line.  Both  of  these 
methods  were  used  in  the  course  of  this  study. 

Figure  2.8  is  the  flow  chart  of  the  procedures  followed  to  measure  the 
profile  of  a given  survey  track.  Assuming  exclusive  UBe  of  a runway. 
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Activities 

Warm  up  electronic  components 

Position/level  platf orm/lower  wheel/check 

Technician  depresses  "survey"  button  (Fig  2.7) 

Technician  depresses  "survey"  button  at  start  of  survey  track 

Driver  accelerates  prof ilometer 
Speed  controller  assumes  control 

Driver  follows  survey  track 

Technician  releases  "survey"  button  at  end  of  survey  track 

Driver  stops  profilometer  after  end  of  survey  track 

Driver  stops  profilometer  after  end  of  survey  track  and  moves 
profilometer  forward  until  following  wheel  is  at  a reference  point 

"Survey"  button  released 

Raise  following  wheel 

Data  are  obtained  whenever  there  is  following  wheel  rotation  and  the 
"survey"  button  is  depressed. 


Fig  2.8.  Flow  chart  of  Air  Force  Profilometer  operating  procedures. 
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approximately  ten  minutes  are  required  for  each  measurement  of  a 10,000-foot 
(304C-meter)  survey  track  - approximately  four  minutes  for  preparation  and 
six  minutes  to  drive  the  length  of  the  track. 

Limitations  and  Possible  Sources  of  Error 

The  basic  limitation  of  the  Air  Force  Prof ilometer , or  of  any  inertial 
reference  profilometer , is  the  lack  of  accurate  reproduction  of  amplitudes 
throughout  the  entire  frequency  spectrum.  This  is  best  illustrated  by  the 
following  Bode  plot,  where  the  ordinate  is  the  ratio  of  measured  to  actual 


i 


I 


I 

I 

I 


amplitude  and  the  abscissa  is  either  wavelength  or  frequency.  The  above  Bode 

plot  would  indicate  that  measured  amplitudes  are  attenuated  at  wavelengths 

shorter  than  X or  longer  than  X,  , leaving  a band  of  wavelengths,  or 
s 1 

frequencies,  where  amplitude  is  accurately  reproduced  or  "passed"  by  the 
system.  This  band  is  generally  referred  to  as  a passband,  and  for  the  design 
of  the  Air  Force  Profilometer  was  specified  to  be  between  3 and  400-foot 
(0.9  to  121.9-meter)  wavelengths. 

The  inaccuracies  of  a system  in  reproducing  waveforms  outside  of  the 
passband  are  a result  of  the  individual  frequency  responses  of  the  system 
components,  i.e.,  accelerometer,  LVDT,  potentiometer,  etc.,  and  of  the 
characteristics  of  the  vehicle  in  which  the  system  is  contained.  Other 
errors  can  be  generated  by  the  electronics  used  to  handle  and  store  the 
data  and  by  the  rate  at  which  the  data  are  digitized  or  sampled.  In  the 
graphical  fora  of  Bode  plots,  the  system  frequency  response  (transfer 
function)  may  be  considered  as  the  combination  of  a series  of  individual 
subsystem  functions,  as  illustrated  in  Fig  2.9. 
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g 2.9.  Conceptualized  Air  Force  Prof i lometer  system  frequency  response 
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High-Frequency  Response 

The  high-frequency  (short  wavelength)  response  of  the  Air  Force 
Profilometer  is  primarily  limited  by  the  response  of  the  LVDT,  the  size  of 
the  surface  following  wheel,  the  digitization  rate,  and  the  electronic 
handling  of  the  data. 

Linear  Voltage  Differential  Transformer.  The  LVDT  used  in  the  Air  Force 
Profilometer  is  a Schaevitz  Engineering  Model  5000  HRDC-2,  with  a range  of  ±5 
inches  (12.7  centimeters)  and  a linearity  of  less  than  0.25  percent  of  full 
range  (Ref  8).  As  the  principal  device  for  determining  the  amplitude  of  the 
high-frequency  information,  the  nonlinearity  of  the  LVDT  could  cause  an  error 
of  0.25  percent  of  ten  inches,  or  0.025  inch  (.0635  centimeter).  This  maxi- 
mum error  is  well  within  the  design  accuracy  of  0.1  inch  (.254  centimeter). 

In  addition,  the  typical  frequency  response  of  this  type  of  unit  is  from  one 
to  two  orders  of  magnitude  better  than  required  (Ref  7). 

Surface  Following  Wheel.  Two  factors  are  present  when  possible  error 
caused  by  the  surface  following  wheel  is  considered  - wheel  out  of  roundness 
and  wheel  size.  It  is  clearly  evident  that  if  the  wheel  is  not  round, 
amplitude  errors  will  result.  It  should  also  be  evident  that  the  following 
wheel  does  not  respond  to  those  portions  of  a profile  with  a radius  of  curva- 
ture less  than  the  wheel  itself.  The  wheel,  then,  will  not  accurately 
measure  amplitudes  or  wavelengths  shorter  than  twice  its  diameter  of  11.4 
inches  (28.96  centimeters),  as  illustrated  in  Fig  2.10. 

Digitization  Rate.  The  rate  at  which  profile  information  is  sampled 
also  limits  the  high-frequency  response  of  the  system.  For  any  given 
sampling  rate,  there  is  a maximum  frequency  which  can  be  detected.  This 
frequency  is  known  as  the  Nyquist  frequency  f and  is  defined  as  1/2A 
where  A is  the  sampling  interval  in  seconds  (Ref  10).  Thus,  for  the  Air 
Force  Profilometer  sampling  interval  of  6 inches  (15.24  centimeters)  at  30 
feet  per  second  (9.14  meters  per  second),  the  interval  is  .01667  second,  the 
Nyquist  frequency  of  30  Hertz  (Hz)  is  three  times  as  large  as  the  10  Hz  fre- 
quency corresponding  to  the  3-foot  (0.9-meter)  wavelengths  desired. 

Conversely,  the  maximum  sampling  interval  allowed  to  detect  3-foot  (.91-meter) 
wavelengths  is  18  inches  (45.72  centimeters).  As  a result,  there  should  be 
no  significant  problem  in  properly  defining  the  profile. 


Fig  2.10.  Effect  of  following  wheel  size 


23 


Another  possible  source  of  error  emanates  from  the  device  used  to 
produce  the  sampling  pulse.  The  Air  Force  Profilometer 's  digitizing  pulse 
is  generated  by  means  of  a photocell  sensing  white  marks  spaced  6 inches 
(15.24  centimeters)  apart  along  the  following  wheel  circumerence . This 
method  should  be  more  accurate  than  that  used  in  the  Surface  Dynamics 
Profilometer,  where  the  pulse  generator  is  attached  to  the  output  shaft  of 
the  vehicle  transmission,  and  therefore  is  dependent  on  the  vehicle  differential 
tire  pressure,  and  temperature  wear.  Errors  of  this  type,  however,  are 
normally  insignificant. 

Electronic  Handling  of  the  Data.  The  last  primary  limitation  of  high- 
frequency  response  is  a result  of  the  handling  of  the  LVDT  signal  by  the 
electronic  components  of  the  system.  Reference  7 reports  that  as  a result 
of  the  data  from  the  LVDT  being  differentiated  and  then  added  to  the  singly 
integrated  accelerometer  signal,  the  high-frequency  components  of  the  LVDT 
signal  are  significantly  amplified  at  frequencies  greater  than  9.78  Hz. 

However,  as  10  Hz  is  the  upper  limit  of  the  desired  passband,  filtering 
conducted  during  later  analysis  of  the  data  eliminates  the  amplified  portion 
of  the  signal,  thus  making  this  limitation  irrelevant. 

Low-Frequency  Response 

As  illustrated  in  Fig  2.6,  the  low-frequency  (long  wavelength)  components 
of  a profile  are  measured  by  the  accelerometer . The  low-frequency  response 
of  the  Air  Force  Profilometer  is  thus  limited  by  the  accelerometer,  the 
stabilized  platform  it  is  mounted  on,  and  the  electronic  components  that 
handle  the  accelerometer  signal. 

Accelerometer . The  accelerometer  used  in  the  Air  Force  Profilometer  is 
a Systron-Donner , Model  431QA-1-CM,  which  has  the  following  specifications: 

Range  : 1 1 g 

Natural  Frequency:  134  Hz 

Nonlinearity:  < 0.05  percent  of  full  range 

Resolution:  < 0.001  percent  of  full  range 

Hysteresis:  < 0.02  percent  of  full  range 

Damping  ratio:  0.769 

The  response  of  the  accelerometer  is  adequate  at  the  high  end  of  the  frequency 
passband;  it  is  capable  of  responding  to  frequencies  in  excess  of  25  Hz 
(Ref  7).  This  fact,  however,  has  less  significance,  because  the  vehicle 
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suspension  system  acts  as  a more  severe  filter,  transmitting  frequencies  to 
the  accelerometer  in  the  order  of  only  2 to  3 Hz  (Ref  11).  The  low-frequency 
response  of  the  accelerometer  poses  more  of  a problem.  Reference  7 calculates 
the  best  and  worst  case  maximum  usable  wavelengths  as  900  and  100  feet 
(274.32  and  30.48  meters),  respectively.  In  normal  operation,  the  low- 
frequency  passband  limit  lies  somewhere  between  the  aforementioned  limits. 

Stabilized  Platform.  A second  source  of  low-frequency  response  error 
is  caused  by  the  accelerometer  axis  deviating  from  the  vertical.  A servo- 
leveled  platform  is  provided  to  keep  the  axis  aligned  vertically.  However, 
measured  reaction  times  of  the  platform  to  changes  in  vehicle  alignment 
varied  from  10  to  20  seconds  (Ref  7).  As  these  times  overlay  the  period  of 
the  maximum  wavelength  ( 00  10  seconds),  significant  errors  could  result 
dependent  on  the  rate  of  change  of  the  vehicle  alignment.  Hence,  the 
rougher  the  pavement,  the  greater  the  accelerometer  tilt  error. 

Electronic  Components.  The  high-frequency  limitations  of  the  electronic 
components  that  handle  the  data  were  briefly  discussed  earlier  in  this  chapter. 
Although  no  similar  low-frequency  limitations  were  specifically  cited  in 
the  references  used  by  this  writer.  Ref  7 indicates  the  presence  of  low- 
frequency  drift  in  the  Air  Force  Profilometer  system.  Electronic  component 
drift  and  noise  were  cited  in  an  evaluation  of  the  Surface  Dynamics  Profilometer 
(Ref  9)  as  possible  sources  of  error.  It  is  reasonable  to  assume  similar 
conditions  exist  in  the  Air  Force  Profilometer  electronic  components.  It 
should  be  noted,  however,  that  vehicle  heating  and  air  conditioning  systems 
should  effectively  reduce  thermal  drift  errors. 

Observed  Accuracy  and  Operational  Characteristics 

In  order  to  verify  the  accuracy  of  the  Air  Force  Profilometer  the  AFWL 
compared  profile  data  for  a 400-foot  ( 121 . 92-meter ) test  section  as  measured 
by  rod  and  level,  their  laser  system,  and  the  inertial  reference  system.  The 
resulting  profiles  are  shown  in  Fig  2.11,  where  the  end  points  have  been 
normalized,  or  rotated  to  zero  elevation.  Because  of  the  limited  frequency 
response  of  the  inertial  reference  type  profilometer,  all  data  were  digitally 
filtered  for  a passband  of  3 to  400  feet  (.9  to  121.9  meters).  The  resulting 
plots  of  the  test  section  filtered  profiles  for  laser  data  and  inertial  data 
are  shown  in  Figs  2.12  and  2.13,  respectively. 
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* Fig  2.13.  Deviation  of  filtered  Air  Force  inertial  profilometer  data  (Ref  7). 
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Figures  2.12  and  2.13  also  illustrate  the  repeatability  of  both  AFWL 
systems.  Reference  7 determined  the  standard  deviation  of  any  given  run 
with  the  inertial  profilometer  to  be  0.14  inch  (0.35  centimeter).  This 
value  was  obtained  by  adding  the  individual  variances  of  inertial  profilometer 
(0.0072  inch  or  .0183  centimeter)  and  rod  and  level  data  (0.0114  inch  or 
.0290  centimeter)  to  determine  the  variance  of  any  given  repetition.  This 
indicates  that  the  accuracy  of  the  Air  Force  Profilometer , at  least  for  the 
400-foot  (121.92-meter)  test  section,  is  very  close  (0.14  versus  0.10  inch 
or  .36  centimeter  versus  .25  centimeter)  to  the  specified  accuracy,  and  that 
the  repeatability  of  the  profilometer  is  also  very  good.  Another  observation 
made  in  Ref  7 is  that,  for  airfield  pavements,  vertical  accelerations 
measured  by  the  accelerometer  are  much  less  than  0.1  g,  hence  reducing  the 
magnitude  of  expected  accelerometer  error  by  a factor  of  10.  Such  a 
reduction  adjusts  the  worst  case  maximum  wavelength  measurable  by  the  system 
to  310  feet  (94.49  meters)  instead  of  100  feet  (30.40  meters),  which  is 
more  consistant  with  the  observed  system  inaccuracy. 

As  a relatively  high  speed  profiling  device,  the  Air  Force  Profilometer 
is  an  excellent  device  for  obtaining  pavement  profile  data.  Its  operation 
is  relatively  uncomplicated,  involving  three  operators:  a driver,  a speed 

controller,  and  someone  to  operate  the  electronics  and  adjust  the  inertial 
table  and  following  wheel.  Such  separation  of  responsibilities  allows  each 
operator  to  concentrate  on  only  one  function.  Direct  digital  output  saves 
the  efforts  and  time  of  converting  analog  data  to  digital  data  at  a different 
time  and  place.  Ease  of  operation  could,  however,  be  improved  by  automating 
the  following  wheel  positioning  mechanism.  Other  observations  are  noted  in 
Chapter  5,  Summary,  Conclusions,  and  Recommendations. 
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CHAPTER  3.  SURFACE  DYNAMICS  PROFILOMETER  SYSTEM 

The  Surface  Dynamics  Profilometer  is  a self-contained  measuring  device 
developed  by  the  General  Motors  (GM)  Research  Laboratory  in  Warren,  Michigan, 
and  manufactured  under  license  from  GM  by  K.  J.  Law  Engineers,  Inc.,  Detroit, 
Michigan.  The  Surface  Dynamics  Profilometer  has  been  described  numerous 
times  in  various  references  (6,  9,  12,  13,  14,  15,  16).  This  chapter,  there- 
fore provides  information  in  an  abbreviated  form  to  facilitate  comparison 
with  the  Air  Force  Profilometer. 


General  Description 


The  Surface  Dynamics  Profilometer  (Fig  3.1)  is  self-contained  in  a panel 
truck,  which  can  be  driven  or  transported  to  any  paved  surface  for  operation. 
The  particular  Surface  Dynamics  Profilometer  used  in  this  study  has  been 
utilized  by  The  University  of  Texas  at  Austin  since  early  1968  as  a highway 
research  tool  (Ref  15).  Several  changes  and  improvements  have  been  made 
since  then,  but  they  have  not  changed  the  basic  principles  of  operation  or 
the  overall  configuration. 

The  Surface  Dynamics  Profilometer  was  designed  to  provide  continuous 
profiles  of  the  two  wheelpaths  of  hard-surfaced  highway  pavements.  As  such, 
there  are  two  following  wheels,  each  in  line  with  the  profilometer  truck 
wheels.  It  is  designed  for  operation  at  varying  speeds,  thus  offering  a 
variable  frequency  response,  although,  in  its  usual  application  for  obtaining 
Serviceability  Index  (SI)  values,  it  is  operated  exclusively  at  20  mph  (32.19 
kilometer/hr).  The  continuous  profiles  are  digitized  at  a separate  facility, 
where  the  standard  output  is  vertical  profile  measurements  approximately 
every  2 inches  (5.08  centimeters).  The  Surface  Dynamics  Profilometer  requires 
only  two  operators  - a driver  and  a technician.  The  driver  is  responsible 
for  guidance  and  speed  control,  the  technician  for  operation  of  the  electronic 
components  and  recording  the  data. 
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Surface  Dynamics  Profilometer  (Ref  14). 
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Principle  of  Operation 

The  principle  of  operation  of  the  Surface  Dynamics  Prof i lome ter  is 
Identical  to  that  of  the  Air  Force  Profllometer . The  differences  in  the 
systems  are  in  the  number  < 'files  measured  (two  wheelpaths  versus  one), 
the  mechanical  design  of  th>.  'o!  lowing  wheel  systems,  and  the  handling  and 
recording  of  the  data.  These  differences  are  expanded  upon  in  the  remainder 
of  this  chapter. 

Configuration  of  the  Measurement  System 

The  Surface  Dynamics  Profilometer  is  equipped  with  two  contour  following 
wheels  extending  from  arms  beneath  the  vehicle  body  (Fig  3.1).  Accelerometers 
are  mounted  to  the  vehicle  body  directly  above  each  following  wheel  to  measure 
the  vertical  acceleration  of  the  vehicle  mass.  These  accelerations  are 
doubly  integrated  in  the  profile  computer,  as  illustrated  in  Fig  3.2.  The 
motion  of  each  following  wheel  with  respect  to  the  mass  (truck)  is  measured 
with  a potentiometer  instead  of  an  LVDT.  The  following  wheel  position 
signals  are  added  to  the  doubly  integrated  accelerometer  signals  in  the  space 
spectrum  rather  than  in  the  velocity  spectrum,  as  in  the  Air  Force  Profilo- 
meter. The  profile  computer  also  contains  a high  pass  filter  that  eliminates 
the  unwanted  low-frequency  wavelength  components  that  are  very  prevalent  in 
highway  pavements  due  to  numerous  changes  in  grade. 

The  pulse  generator,  which  is  coupled  to  the  vehicle  transmission  provides 
a distance  pulse  used  in  digitizing  the  data  and  for  triggering  the  strip 
chart  recorder.  The  photocell  pickup  is  normally  used  to  provide  the  signal 
to  start  recording  data  at  the  start  of  the  section  of  interests  and  as  a 
distance  check  of  known  reference  points. 

Operating  Procedures 

An  updated  operation  and  maintenance  memorandum  for  the  Surface  Dynamics 
Profilometer  (Ref  15)  was  recently  compiled  that  contains  specific  step-by- 
step  operating  procedures.  In  general,  the  procedures  followed  are 

(1)  warm  up  electronic  components, 

(2)  set  up  system  components, 

(3)  lower  following  wheels, 

(4)  make  test/calibration  run, 

(5)  raise  following  wheels. 


. * 


Block  diagram  of  surface  dynamics  measurement  system  (Ref  14) 
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( 6)  return  to  start  of  section, 

( 7)  record  reference  step  size, 

( 8)  accelerate  to  correct  speed,  letting  photocell  start  recording 
of  data  at  start  of  section, 

( 9)  technician  coninents  on  voice  track  of  tape  recorder, 

(10)  stop  tape  recorder  and  strip  chart  at  end  of  section, 

(11)  raise  following  wheels,  and 

(12)  repeat  as  necessary. 


Limitations  and  Possible  Sources  of  Error 

The  primary  limitation  of  the  Surface  Dynamics  Profilometer  is  its 
finite  frequency  response.  The  system  frequency  response  for  this  system 
is  illustrated  in  Fig  3.3,  which  shows,  for  any  chosen  operating  speed, 
where  profile  phase  shift  and  attenuation  occur.  The  phase  shift  is  a result 
of  the  highpass  filtering  process  within  the  profile  computer.  Since  the 
Air  Force  Profilometer  does  not  filter  its  data,  phase  shift  limitations  are 
peculiar  to  the  Surface  Dynamics  Profilometer.  The  system  frequency  response 
diagram  effectively  defines  the  pass  bands  for  each  operating  speed.  In  a 
different  form,  Fig  3.4  graphically  displays  the  effective  passbands  for 
various  filter  and  speed  combinations  resulting  in  maximum  phase  shifts  of 
135  and  10  degrees.  As  previously  discussed,  a system's  frequency  response 
is  comprised  of  a combination  of  its  subsystem  responses.  Figure  3.5 
illustrates  the  Surface  Dynamic  Profilometer  subsystems  responses  and  is 
comparable  to  Fig  2.9,  which  illustrates  the  same  concept  for  the  Air  Force 
Profilometer.  The  system  frequency  response  is  divided  into  the  high  and 
low  ranges  for  examination. 


High-Frequency  Response 


The  subsystems  affecting  the  high-frequency  response  of  the  Surface 
Dynamics  Profilometer  are  the  same  as  or  analogous  to  the  Air  Force  Profilo- 
meter subsystems. 


Potentiometer . Used  in  place  of  an  LVDT  for  determining  the  relative 

following  wheel  position,  the  potentiometer  utilized  in  the  surface  dynamics 

profilometer  is  a plastic  film  unit  with  an  electrical  travel  of  12  inches 

(30.48  centimeters),  a linearity  of  0.5  percent,  and  plastic  element  resolu- 
-6  -4 

tion  of  40  X 10  inch  (1.01  X 10  centimeter).  Reference  9 states  a possi 


ble  error  of  0.060  inch  (0.152  centimeter)  for  full  potentiometer  travel  due 


to  linearity  error. 


fig  3.3.  Surface  Dynamics  Prof i lometer  system  frequency  response  (Ref  14) 


Surface  Dynamics  Profilometer  subsystem  frequency  responses  (Ref  13) 
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Other  Limitations.  The  remaining  high-frequency  response  limitations 
g are  identical  with  limitations  present  in  the  Air  Force  Profilometer . The 

following  wheel  size  determines  the  minimum  measurable  wavelength  without 
considering  other  system  limitations.  The  following  wheel  out-of-roundness 
will  produce  systematic  amplitude  errors.  The  Surface  Dynamics  Profilometer 
following  wheel  is  smaller  than  its  counterpart,  measuring  5 inches  (12.7 

* 

centimeters)  in  diameter,  versus  5.7  inches  (14.48  centimeters)  for  the  Air 
Force  Profilometer  following  wheel.  Possible  errors  in  the  digitization 
rate  are  possible  due  to  errors  in  the  sampling  pulse.  Since  the  Surface 
Dynamics  Profilometer  sampling  pulse  is  generated  through  the  vehicle 

* transmission,  a greater  possibility  of  error  exists,  compared  to  that  of  the 

™ Air  Force  Profilometer.  The  standard  digitization  rate  when  the  analog 

data  are  converted  produces  digitized  data  approximately  every  2 inches 

* (5.08  centimeters)  along  the  pavement  profile.  The  Nyquist  frequency  for 
this  interval  is  in  excess  of  80  Hz,  thus,  theoretically  allowing  detection 

I of  wavelengths  as  small  as  4 inches  (10.16  centimeters). 

S Low-Frequency  Response 

With  the  exception  of  possible  errors  generated  by  the  stabilized  plat- 
| form  response  time,  low-frequency  response  limitations  of  the  Surface  Dynamics 

Profilometer  are  identical  to  those  of  the  Air  Force  Profilometer.  The 
i dominant  limitation  is  also  the  accelerometer.  Deviations  of  the  accelerom- 

* eter  axis  from  the  vertical  result  in  deviations  of  the  measured  profile 

* from  the  true  profile.  There  are  two  causes  for  such  deviations:  erratic 

® motions  of  the  vehicle  and  changes  in  profile  grade.  Sudden  accelerations 

of  the  vehicle  and  extreme  roughness  will  cause  the  vehicle  to  leave  the  plane 
f in  which  the  inertial  reference  is  initiated,  thus  resulting  in  accelerations 

measured  at  an  angle  not  perpendicular  to  the  inertial  reference.  Changes 

0 in  grade  result  in  a change  of  the  intertial  reference,  and,  thus,  an 
undefined  transition  segment  is  present  immediately  after  such  changes.  This 

1 transition  segment  is  illustrated  in  Fig  3.6,  and  has  been  determined  to 

™ contain  the  wavelengths  important  to  aircraft  operation  (Ref  9). 

. The  characteristics  of  the  accelerometer  are  also  Important,  The 

accelerometers  used  in  the  Surface  Dynamics  Profilometer  have  characteristics 
similar  to  those  of  the  Air  Force  Profilometer  accelerometer  with  the 
exception  of  a greater  range  (t  2g  verus  ± lg)  required  as  a result  of  the 

( 

1 


l 


Surface  Dynamics  Profilometer  grade  change  transition 
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greater  accelerations  experienced  on  highway  pavements.  Reference  9 states 
that  for  airfield  pavements,  where  accelerations  are  small,  operation  at 
frequencies  much  lower  than  0.3  radians  per  second  (600-foot  (182.87-meter 
wavelengths  at  20  mph  (32.19  kilometers/hr))  is  possible.  The  major 
limitation  of  low-frequency  response,  then,  is  accelerometer  tilt  error, 
which  is  precisly  the  reason  for  the  stabilized  platform  provided  in  the 
Air  Force  Prof ilometer . Electronic  noise  and  drift  associated  with  the 
profile  computer  are  adequate  for  normal  highway  pavement  profile  measure- 
ments. However,  Ref  9 reports  the  development  of  a special  version  of  the 
profile  computer  to  provide  improved  resolution  required  as  a result  of 
normally  smaller  displacements  and  accelerations  present  in  airfield  pave- 
ments. It  should  be  noted  that  the  minimum  low-frequency  response  is 
determined  by  selection  of  the  high-pass  filter  contained  in  the  profile 
computer. 

Observed  Accuracy  and  Operational  Characteristics 

The  last  portion  of  Chapter  3 discussed  the  results  of  a verification  of 
Air  Force  Prof ilometer  accuracy.  No  similar  documentation  exists  for  the 
Surface  Dynamics  Prof ilometer  used  in  this  study.  The  Michigan  Department 
of  State  Highways  (Ref  18)  did,  however,  conduct  field  tests  of  the  accuracy 
of  their  version  of  the  Surface  Dynamics  Prof ilometer . Figure  3.7 
illustrates  their  comparison  of  profilometer  and  precise  rod  and  level  pro- 
files. For  visual  inspection,  the  Rapid  Travel  Profilometer  (RTP)  profile 
is  elevated  0.2  inch  (.508  centimeters)  to  prevent  overlapping.  An  analysis 
by  direct  correlation  of  50  to  100-foot  (15.24  to  30.48-meter)  wavelengths 
revealed  high  correlation  and  low  standard  error,  as  summarized  in  Table  3.1. 
To  analyze  1 to  50-foot  (.305  to  15.24-meter)  wavelengths,  Reference  18 
utilized  a method  of  coherence  analysis  involving  power  spectra.  The 
results  are  listed  in  Table  3.2.  The  results  of  the  Michigan  study  indicate 
the  Surface  Dynamics  Profilometer  accuracy  to  be  equal  to  or  greater  than 
that  of  the  Air  Force  Profilometer.  The  ultimate  criterion  of  whether  or  not 
the  Surface  Dynamics  Profilometer  has  sufficient  accuracy  depends  on  its 
application.  The  major  application  of  the  Surface  Dynamics  Profilometer 
used  in  this  study  is  in  the  prediction  of  riding  quality  ratings  (Present 
Serviceability  Indices)  and  other  research  into  highway  roughness,  the 
results  of  which  indicate  more  than  adequate  accuracy. 


TABLE  3.1.  LINEAR  CORRELATIONS  BETWEEN  RAPID  TRAVEL  PROFILOMETER  AND 
PRECISE  LEVEL  PROFILES  (100  FOOT  AND  50  FOOT  SECTIONS) 
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TABLE  3.2.  COHERENCE  VALUES  BETWEEN  RAPID  TRAVEL  PROFILOMETER 
AND  PRECISE  LEVEL  PROFILE  (Ref  18) 


Wavelength, 

feet 


Frequency , 
cycles  per  foot 


Coherence  Value 
(Correlation) 


50.0 

0.02 

0.984 

25.0 

0.04 

0.979 

16.7 

0.06 

0.959 

12.5 

0.08 

0.947 

10.0 

0.10 

0.951 

8.4 

0.12 

0.956 

7.2 

0.14 

0.909 

6.3 

0.16 

0.963 

5.5 

0.18 

0.843 

5.0 

0.20 

0.872 

4.2 

0.24 

0.944 

3.1 

0.32 

0.918 

2.5 

0.40 

0.954 

2.1 

0.48 

0.991 

1.8 

0.56 

0.979 

1.4 

0.72 

0.858 

1.3 

0.87 

0.816 

1.1 

0.91 

0.891 

1.0 

1.00 

0.916 

NOTE:  1 foot  = 

.3048  meter 
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Some  consideration  should  be  given  to  some  of  the  operational  charac- 
teristics of  the  Surface  Dynamics  Prof i lometer . As  the  Surface  Dynamics 
Proiilometer  was  developed  for  highway  use,  it  is  subject  to  more  wear  and 
tear  than  if  it  operated  exclusively  on  airfield  pavements.  References  13  and 
17  report  following  wheel  assembly  problems,  such  as  the  potentiometer  shaft 
being  subject  to  breakage,  excessive  damage  to  or  wear  of  the  wheel  itself, 
and  wheel  bounce  on  excessively  rough  pavements.  All  of  these  problems  have 
been  resolved  either  by  minor  modifications  or  by  increased  preventive 
maintenance  and  care  during  measurement  operations.  It  should  be  noted  that 
the  Surface  Dynamics  Profilometer  has  been  accepted  by  the  State  Department 
of  Highways  and  Public  Transportation  as  a working  system  and  is  thus  no 
longer  considered  as  only  a research  tool. 

The  Surface  Dynamics  Profilometer  system  has  proven  to  be  a valuable 
asset,  especially  in  the  area  of  pavement  research.  Its  ease  of  operation 
makes  obtaining  profile  data  both  efficient  and  economical.  Improvements 
could  be  made  to  make  it  a better  system,  and  thus  expand  its  capabilities; 
however,  the  system  as  it  exists  is  adequate  for  present  utilization. 


I 

I 

I 

I 
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CHAPTER  4.  COMPARISON  OF  PROFILOMETER  SYSTEMS 


Having  read  the  previous  chapters,  one  should  have  an  understanding  of 
the  basic  similarities  and  differences  of  the  two  profilometer  systems.  There 
remain,  however,  more  exacting  tests  of  comparison.  As  such,  a field  experi- 
ment was  conducted  to  analyze  the  profiles  generated  by  each  profilometer. 

The  Experiment 

The  original  experiment  was  conceived  with  an  additional  purpose  in  mind, 
other  than  comparing  the  profilometers . This  additional  purpose  was  to  obtain 
additional  profile  data  for  the  AFWL  research  programs.  Considering  this 
factor,  it  was  considered  desirable  to  obtain  profile  measurements  of  both 
highway  and  airfield  pavements.  Three  profiles  were  planned  for  the  portland 
cement  concrete  primary  runway  17  Right  (R/W  17R)  at  Bergstrom  AFB,  i.e., 

(1)  centerline  (CL), 

(2)  r ight-of -centerline  (ROC) 

(3)  left-of-centerline  (LOC). 

One  profile  was  planned  along  the  centerline  of  the  parallel  asphaltic  concrete 
runway  (R/W  33R) . Plans  also  included  measurements  on  both  a regularly 
profiled  flexible  road  section  and  a rigid  pavement  bridge  deck.  The  spacings 
of  the  measurements  on  R/W  17R  were  chosen  to  be  10  feet  (3.03  meters)  right 
and  left  of  the  centerline.  This  spacing  approximates  the  main  landing  gear 
spacing  of  an  RF-4  (the  primary  aircraft  using  the  runway)  and  a Boeing  727 
aircraft.  Three  replications  of  each  profile  were  planned  for  the  Air  Force 
Profilometer  and  two  each  for  the  Surface  Dynamics  Profilometer. 

The  Air  Force  Profilometer  arrived  in  Austin,  Texas,  the  first  week  of 
April,  1975.  As  a part  of  initial  familiarization  and  as  a preliminary  system 
check,  the  outside  southbound  land  of  the  Loop  1 (MOPAC  Expressway)  bridge 
over  the  Colorado  River  was  profiled  on  April  17,  1975.  At  that  time,  the 
computer  program  used  to  interpret  the  digital  output  had  not  yet  been  con- 
verted to  be  compatible  with  The  University  of  Texas  at  Austin  computer 
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system.  There  was,  therefore,  no  verification  that  the  data  collected  were 
valid.  On  April  19,  1975,  both  prof ilometers  were  driven  to  Bergstrom  Air 
Force  Base  (AFB),  on  the  outskirts  of  Austin.  At  approximately  8:00  a.m., 
measurements  were  attempted  on  R/W  17R.  Numerous  problems  ensued.  In  an 
attempt  to  profile  as  great  a length  as  possible,  and  specifically  the 
primary  touchdown  area,  each  profile  measurement  required  crossing  two  air- 
craft arresting  system  cables  (commonly  termed  barrier  cables)  stretched 
transversely  across  the  runway.  These  cables  are  approximately  one-inch 
(2.54  centimeters)  woven  steel  and  engage  a hook  on  fighter  aircraft  in  an 
emergency  landing.  Normally  suspended  about  6 inches  (15.24  centimeters) 
above  the  runway  surface  by  neoprene  spacers,  or  "doughnuts,"  the  cables  were 
depressed  to  the  pavement  surface  by  removing  the  spacers  and,  if  required, 
by  parking  vehicles  on  the  cables.  It  is  still  unknown  whether  the  severe 
jolts  caused  by  crossing  the  cables  were  a contributing  cause  to  the  diffi- 
culties experienced. 

Two  basic  difficulties  were  encountered  during  this  first  attempt: 
failure  of  the  peed  control  subsystem,  and  following  wheel  "wobble."  The 
wheel  "wobble"  experienced  was  similar  to  that  of  castor  type  front  wheels 
of  supermarket  shopping  carts.  Immediate  resolution  of  these  difficulties 
was  not  possible,  and,  thus,  profiling  efforts  were  terminated  for  the  day. 
After  replacing  the  photocell  pickup  with  a spare  sent  by  the  AFWL  the  fol- 
lowing week,  the  speed  control  subsystem  problem  was  corrected.  A decision 
was  also  made  to  restrict  measurements  to  the  pavement  between  the  barrier 
cables.  With  these  adjustments  made,  profile  measurements  were  successfully 
accomplished  in  the  early  morning  hours  of  April  26,  1975. 

Because  of  uncertainty  that  the  Air  Force  Profilometer  would  function 
properly  and  because  its  required  return  to  the  Air  Force  was  imminent,  the 
Surface  Dynamics  Profilometer  was  left  behind,  thus  dedicating  the  available 
time  on  the  runways  to  the  procurement  of  data  with  the  Air  Force  Profilometer. 
It  was  not  until  May  24,  1975,  that  scheduling  and  operational  status  of  the 
Surface  Dynamics  Profilometer  permitted  the  return  to  the  runways  for  the 
Surface  Dynamics  measurements.  This  delay  of  almost  a month,  while  unavoid- 
able, is  only  somewhat  regretable.  Possible  errors  introduced  by  the  time 
lag  should  be  at  a minimum  because  of  fairly  constant  weather  conditions 
during  the  period.  In  fact,  the  temperatures  during  each  morning's  measure- 
ments were  similar,  in  the  low  70' s. 
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Profile  measurements  of  a flexible  highway  pavement  were  also  made  on 
April  26  with  the  Air  Force  Profilometer . The  section  chosen  was  Austin 
Test  Section  Number  3,  which  is  adjacent  to  Bergstrom  AFB,  and  therefore 
conveniently  located.  The  Austin  test  sections  are  various  sections  of 
typical  pavements  in  the  Austin,  Texas,  area  and  are  profiled  regularly  with 
the  Surface  Dynamics  Profilometer.  The  Surface  Dynamics  profiles  of  Test 
Section  Number  3 used  in  this  study  were  obtained  on  April  24,  1975. 

Runway  Measurements 

The  runway  measurements  were  taken  almost  as  planned,  that  is,  along 
the  centerlines  of  runways  17R  and  35R,  and  10  feet  (3.05  m.)  right  and  left 
of  the  centerline  on  runway  17R.  One  measurement  at  the  right  of  the  center- 
line  was  only  partially  completed,  due  to  a landing  aircraft,  and  two  rather 
than  three  repetitions  were  made  with  the  Air  Force  Profilometer  on  R/W  35R. 
Reference  points  were  established  for  each  profilometer  on  R/W  17R  as  starting 
and  end  points  of  each  measurement.  For  the  Air  Force  Profilometer,  each 
measurement  was  initiated  with  the  following  wheel  atop  the  first  transverse 
joint  inside  of  the  barrier  cable.  The  beginning  of  each  section  for  the 
Surface  Dynamics  Profilometer  was  located  at  a joint  200  feet  (60.96  meters) 
farther  down  the  runway  and  was  marked  with  white  paint  to  activate  the 
photocell,  signaling  the  start  of  data  acquisition.  Corresponding  endpoints 
were  located  as  illustrated  in  Fig  4.1.  The  first  200  feet  (60.46  m.)  of  each 
Air  Force  profile  (where  the  Air  Force  Profilometer  was  accelerating)  were  dis- 
carded, resulting  in  the  same  starting  point  for  each  prof ilomecer . The  Air 
Force  profile  measurements  were  terminated  at  the  same  joint  as  the  surface 
dynamics  profiles;  however,  after  decelerating,  the  Air  Force  Profilometer 
was  moved  forward  until  the  following  wheel  was  atop  the  joint  immediately 
prior  to  the  second  barrier  cable.  The  total  distance,  as  measured,  was 
then  recorded.  These  values  indicated  a "wander"  error  of  approximately  30 
feet  (9.14  m.),  or  0.3  percent,  over  the  actual  distance  of  10,275  feet  (3131 
meters).  The  actual  distance  was  obtained  from  engineering  drawings  provided 
by  the  Base  Civil  Engineer  at  Bergstrom  AFB.  As  there  are  no  direct  distance 
measurements  made  with  the  Surface  Dynamics  Profilometer,  profiling  was 
simply  terminated  at  the  designated  stopping  point. 
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The  "wander"  error  of  each  profilometer  is  compounded  by  the  digitizing 
process  and  the  computer  programs  utilized  to  unpack  the  condensed  digital 
data  as  originally  recorded.  As  a result,  the  9875-foot  (3010-meter)  profile 
section  as  measured  by  the  Surface  Dynamics  Profilometer  became  10,133  feet 
(3088  meters)  long,  an  error  of  2.6  percent.  Subtracting  the  first  200  feet 
(60.96  meters)  of  the  Air  Force  profile  and  the  portion  past  the  endmark 
leaves  profiled  sections  measuring  9,910  feet  (3020  meters),  or  an  error  of 
0.3  percent,  which  is  consistent  with  the  previous  result.  It  is  believed 
a major  portion  of  the  difference  between  the  measured  lengths  can  be  attri- 
buted to  having  each  profilometer  driven  by  a different  driver;  also,  the 
Surface  Dynamics  Profilometer  driver  was  responsible  for  speed  control  as 
well  as  steering. 

Profile  measurements  of  the  centerline  of  runway  35R  were  initiated  at 
the  start  of  the  centerline  marking  and  continued  to  a transverse  mark  indi- 
cating the  runway  threshold  (See  Fig  4.1).  Both  prof ilometers  accelerated  to 
20  mph  (32.19  kph)  prior  to  initiating  measurements.  Again,  measured  distances 
differed  from  the  actual  distance  of  the  section.  The  actual  distance  of  6611 
feet  (2015  meters)  was  measured  utilizing  station  markings  placed  on  the  cen- 
terline for  an  impending  maintenance  contract.  The  profile  as  measured  by  the 
Surface  Dynamics  Profilometer  was  6840  feet  (2085  meters)  long,  an  error  of 
3.4  percent.  The  section  as  measured  by  the  Air  Force  Profilometer  was  6640 
feet  (2024  meters)  long,  an  error  of  0.4  percent.  The  errors  in  length  for 
both  prof ilometers  are  greater  for  this  flexible  pavement  section  than  they 
were  on  the  rigid  pavement  sections,  most  likely  due  to  the  lack  of  longitu- 
dinal joints  as  reference  points  for  the  driver.  In  any  case,  the  increase 
is  negligible. 

Road  Section  Measurements 

Two  road  sections  were  profiled  with  the  Air  Force  Profilometer  for 
comparison  purposes.  The  accuracy  of  the  previously  mentioned  measurements 
of  the  Loop  1 (MOPAC  Expressway)  bridge  became  suspect  when  the  first  attempts 
of  profiling  R/W  17R  were  unsuccessful.  In  addition,  proper  control  of  the 
section  was  extremely  difficult  as  the  Surface  Dynamics  Profilometer  measure- 
ments had  been  taken  prior  to  the  opening  of  the  bridge  to  traffic  and  in 
the  opposite  direction.  More  recent  measurements  with  the  Surface  Dynamics 
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Profilometer  were  not  taken  because  the  Air  Force  Profilometer  had  to  be 
returned  to  the  AFWL  before  measurements  could  be  reaccomplished.  Comparison 
of  the  two  profilometers  for  highway  pavement  sections  was,  therefore,  limited 
to  flexible  pavement. 

.The  flexible  pavement  section  used  in  this  study  is  an  1140-foot  (348- 
meter)  portion  of  the  northbound  lane  of  Farm-to-Market  Road  973,  north  of 
the  Burleson  Road  intersection.  The  1140-foot  (348-meter)  length  was 
chosen  primarily  as  a convenience,  since  nine  records  of  Surface  Dynamics 
Profilometer  digital  data  contain  1140  feet  (348  meters).  The  digital 
files  of  the  Surface  Dynamics  profiles  were  1140  feet  (348  meters)  long, 
while  the  lengths  of  the  Air  Force  profiles  were  1152  and  1280  feet  (351 
and  390  meters).  The  Air  Force  profile  was  obtained  in  the  same  manner  as 
that  for  the  centerline  of  R/W  35R.  The  excess  lengths  are  due  more  to  the 
initiating  and  terminating  of  the  data  taking  than  to  vehicle  wander.  The 
greatest  difficulty  in  profiling  this  section  with  the  Air  Force  Profilometer 
for  comparison  purposes  was  in  locating  the  following  wheel  in  the  normal 
right  wheelpath  of  traffic.  Since  the  Surface  Dynamics  Profilometer 
following  wheels  are  in  the  vehicle  wheelpaths,  the  Air  Force  Profilometer 
had  to  be  consistently  driven  to  the  right  of  the  normally  traveled  vehicle 
path.  The  profiles  obtained  for  this  section  demonstrate  this  difficulty, 
as  will  be  discussed  later  in  this  chapter. 

Characterization  of  the  Profiles 

In  order  to  accurately  compare  the  profiles  produced  by  each  profilometer, 
each  system's  output  must  be  handled  in  the  same  manner.  So  that  this  could 
be  done,  an  existing  digital  computer  program  named  ROKYRD  (for  "Roky  Road") 
was  modified  from  being  able  to  handle  the  standard  surface  dynamics  road 
data  so  that  it  could  handle  the  differently  arranged  airfield  profiles.  The 
modified  program,  named  ROKRUN  (for  "Rocky  Runway"),  is  listed  in  Appendix  1. 
An  extensive  input  guide  is  included  at  the  beginning  of  the  program. 

The  major  modification  made  for  ROKRUN  was  to  change  the  normal  left 
profile  input  of  the  Surface  Dynamics  Profilometer  from  the  left  wheelpath 
of  a right-of-centerline  data  file  to  the  right  wheelpath  of  a left-of-center- 
line  data  file  (all  surface  dynamics  profiles  were  made  with  the  right 
following  wheel).  Since  the  Air  Force  profile  data  are  encoded  differently, 
they  were  decoded  separately  and  saved  on  both  magnetic  tape  and 
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punched  cards.  The  subroutine  to  read  in  the  profile  was  thus  changed  to 
utilize  either  the  standard  digital  magnetic  tape  of  surface  dynamics  data, 
or  the  card-formatted  Air  Force  profile  data.  Two  other  modifications  were 
necessitated  by  the  desire  to  compare  visually  plots  of  the  profiles  produced 
by  each  system.  With  differences  in  measured  lengths  and,  as  was  discovered, 
in  profile  amplitudes,  the  automatic  scaling  of  the  X and  Y axes  had  to  be 
negated  and  scaling  for  each  axis  forced.  Also,  due  to  the  stabilized  plat- 
form of  the  Air  Force  Prof Ilometer , the  raw,  unfiltered  Air  Force  profiles 
ranged  from  zero  elevation  to  -200  inches  (-508  centimeters).  With  such  a 
large  range,  it  was  necessary  to  provide  an  option  to  plot  only  filtered  pro- 
files, where  the  range  of  profile  amplitudes  is  similar. 

The  ROKYRD  and  ROKRUN  computer  programs  characterize  the  pavement  profile 
through  the  use  of  a recursive  digital  filtering  routine  which  isolated  sur- 
face irregularities  in  specified  adjacent  passbands.  In  addition,  ROKRUN 
offers  the  option  of  using  the  digital  filtering  routine  utilized  by  the  AFWL. 
Moving  mean  square  values  of  profile  amplitude  are  calculated  for  the  right, 
left  and  the  pointwise  difference  profiles  within  each  specified  passband. 
Then,  quoting  the  input  guide,  "the  mean,  standard  deviation,  approximating 
discrete  probability  density  and  distribution  functions,  and  the  50,  75,  90, 
95,  and  99th  percentile  points  are  computed  for  each  set."  Table  4.1  is  an 
example  of  typical  output  from  ROKRUN.  Highway  Serviceability  Index  (SI) 
values  for  each  section  are  also  calculated  using  a model  developed  in  Ref  19, 
if  certain  passbands  are  specified. 

Seven  passbands  were  selected  for  this  study,  i.e.,  4 to  10,  10  to  25, 

25  to  50,  50  to  100,  100  to  200,  200  to  400,  and  3 to  200  feet  (1.2  to  3.1, 

3.1  to  7.6,  7.6  to  15.2,  15.2  to  30.5,  30.5  to  61.0,  61.0  to  121.9,  and  .9  to 
61.0  meters).  The  first  four  passbands  are  those  normally  considered  for 
highway  pavements.  The  100  to  200  and  200  to  400  foot  (30.5  to  61.0  and  61.0 
to  121.9  meter)  passbands  were  added  to  include  wavelengths  that  are  important 
to  aircraft  response,  which,  from  experience  with  instrumented  aircraft  and 
simulated  aircraft  response,  range  from  4 or  5 feet  (1.2  or  1.5  meters)  to 
approximately  350  feet  (106.7  meters)  (Refs  7 and  20).  A separate,  overall 
passband  of  3 to  200  feet  (.9  to  61.0  meters)  was  considered  to  compare  the 
profilometers  in  a broader  respect,  similar  to  the  comparison  of  the  two  Air 
Force  Profilometers  cited  in  Ref  7.  It  should  be  noted  that  the  overall  pass- 
band  was  cut  off  at  200  (61.0)  rather  than  400  feet  (121.9  meters)  due  to 
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TAELE  4.1.  ROUGHNESS  AMPLITUDES  AS  CHARACTERIZED  BY  PROGRAM  ROKRUN 


BERGSTROM 

AFB  R/W  J7R  SECTION  * SO 

PROFILOMETER  24  MAY  1975  FILE  1 

SUMMARY  statistics  for  roughness 

AMPLITUDES 

(IN.) 

0. 

0 TO  4.0 

FT,  WAVELENGTHS 

standard 

PERCENTILE 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

,00387 

.00935 

,00876 

,01147 

,01450 

,01649 

.02081 

LEFT  PROFILE 

,00481 

.01055 

.00955 

.01259 

,01669 

.01965 

.02700 

OIFF,  PROFILE 

,00603 

.01463 

,01370 

,01734 

,02250 

.02615 

.03482 

4. 

0 TO  10,0 

PT.  WAVELENGTHS 

STANDARD 

percentile 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

,00478 

.01172 

,01095 

,01435 

,01820 

,02063 

,02644 

left  profile 

.00629 

.01438 

,01315 

.01802 

,02354 

,02683 

.03182 

OIFF,  PROFILE 

,00638 

.01701 

,01606 

.02071 

.02603 

,02942 

.03417 

10. 

0 TO  25,0 

FT,  WAVELENGTHS 

STANDARD 

PERCENTILE 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

,00896 

.02307 

,02119 

.02856 

.03559 

,04015 

,04727 

LEFT  PROFILE 

.00648 

.02206 

.02184 

.02613 

.03074 

,03366 

.03913 

OIFF,  PROFILE 

.01002 

.02993 

,02940 

.03590 

.04305 

.04830 

,05557 

25. 

0 TO  50,0 

FT,  WAVELENGTHS 

STANDARD 

percentile 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

.01152 

.03157 

,03041 

.03984 

,04837 

.05158 

.06000 

LEFT  PROFILE 

,01413 

,03504 

,03319 

,04299 

,05696 

,06144 

.07693 

OIFF,  PROFILE 

.01538 

,04073 

,04007 

.05146 

.06178 

.06826 

,08035 

50. 

0 TO  100,0 

FT,  WAVELENGTHS 

STANDARD 

percentile 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

Right  profile 

.02600 

.04405 

,03881 

.05396 

.06099 

. 10758 

.14100 

LEFT  PROFILE 

.02758 

,04973 

,04266 

.05610 

.07209 

.11943 

. 15493 

OIFF.  PROFILE 

.01476 

,05599 

.05227 

.06526 

, 079 J8 

,08445 

.09002 

100. 

0 TO  200,0 

FT,  WAVELENGTHS 

STANOARD 

PERCENTILE 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

,11765 

.10688 

,05676 

.10350 

.34502 

,40665 

,43886 

left  profile 

.05553 

.07405 

,05042 

.09036 

,18075 

,20635 

.22572 

OIFF,  PROFILE 

.05315 

.07102 

,04771 

.08277 

.17246 

,21159 

.21849 

200. 

0 TO  400,0 

FT,  WAVELENGTHS 

STANDARD 

PERCENTILE 

DEVIATION 

MEAN 

50 

75 

90 

95 

99 

RIGHT  PROFILE 

.10732 

.15966 

,12387 

,25372 

,34543 

.35557 

.35976 

LEFT  PROFILE 

.03050 

.10960 

,10504 

,12910 

,15944 

,16440 

.16637 

OIFF,  PROFILE 

.05052 

.10402 

,07618 

,13695 

.18625 

,20042 

,20187 

S I 

V A L 

U E S 

THIS  PVMT  SECTION  IS 

RIGID 

PAVEMENT  OF 

TYPE  JRCP 

ALL  PAS80AND8  CONSIOEREDI  4,2124 


PASSSAND 

COMBINED 

TRANSVERSE 

LONQITUOIN 

4,0 

TO 

10,0 

FT, 

3,9466 

4,0663 

4,0807 

10,0 

TO 

25,0 

FT, 

4,0433 

3,7925 

4,2501 

15.0 

TO 

50,0 

FT, 

3,7090 

3.6316 

4,1787 

M,l 

TO 

100,0 

FT. 

3.7199 

3.8601 

4,2570 
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high-pass  filtering  in  the  surface  dynamics  profile  at  wavelengths  greater 
than  200  feet  (61  meters).  Applying  the  operating  speed  of  20  miles  per  hour 
(32.19  kph)  and  the  use  of  high  pass  filter  1 to  Figs  3.3  and  3.4,  one  anti- 
cipates a maximum  wavelength  capability  of  200  feet  (61.0  meters)  with  no 
attenuation  and  a 4^  phase  shift,  and  very  little  attenuation,  but  approxi- 
mately a 105°  phase  shift  for  400-foot  (121.9-meter)  wavelengths.  The  3 to 
200-foot  (.9  to  61.0-meter)  passband  was  also  utilized  in  order  to  provide  an 
adequate  number  of  graphical  profiles  for  visual  comparison,  rather  than  the 
excessive  number  of  plots  which  would  be  required  if  the  individual  passbands 
from  4 to  400  feet  (1.22  to  121.9  meters)  were  utilized.  With  the  exception 
of  Austin  Test  Section  Number  3,  the  lines  of  survey  were  divided  into  sec- 
tions (A,  B,  C and  D for  R/W  17R  and  A,  B,  and  C for  R/W  35R) . This  section- 
ing was  accomplished  primarily  due  to  the  profile  array  size  in  ROKRUN,  but 
also  to  provide  a larger  amount  of  data  for  statistical  analysis. 

The  characterizations  of  the  profiles  are,  however,  limited.  While  an 
analytical  comparison  of  roughness  amplitudes  provides  indications  of  each 
profilometer 1 s response,  the  lack  of  a true  reference  profile  restricts  what 
can  be  concluded  concerning  the  accuracy  of  the  profilometers . Such  a ref- 
erence profile,  as  might  be  determined  from  a rod  and  level  survey  or  by  the 
Air  Force's  laser  profilometer,  was  not  available  for  this  study,  and  there- 
fore it  is  not  known  which  profilometer ' s profile  is  more  correct. 

Profile  Analysis 

When  comparisons  of  profiles  are  considered,  two  general  methods  become 
obvious.  A visual  comparison  of  plotted  profiles  can  be  informative,  however, 
conclusive  statements  concerning  such  comparisons  are  only  generalizations 
and  are  limited  by  the  accuracy  or  resolution,  and  the  size  or  scales  used  in 
plotting  the  profiles.  Much  more  meaningful  conclusions  can  be  drawn  using 
statistical  inference.  Both  visual  and  statistical  comparisons  are  documented 
in  the  following  sections. 

Visual  Comparison.  Because  it  is  believed  that  the  ancient  adage  that 
"a  picture  is  worth  a thousand  words"  is  true,  Appendix  2 contains  plotted 
profiles  for  the  various  pavement  sections  profiled  with  the  Air  Force  and 
Surface  Dynamics  Profilometers.  Figures  A2 . la  through  A2.8c  illustrate  the 
rigid  pavement  sections  on  R/W  17R,  while  Figs  A2.9a  through  A2.12c  are  the 
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flexible  pavement  section  profiles.  Inspection  of  the  profiles  for  the  rigid 
pavement  sections  indicates,  in  general,  good  agreement  between  the  two  pro- 
filometers.  Major  or  extreme  profile  peaks  basically  correspond  with  each 
other,  yet  slight  differences  in  their  lateral  locations  demonstrate  the 
differences  in  the  wander  of  the  prof i lometers . The  most  obvious  differences 
in  the  two  measured  rigid  pavement  profiles  are  at  the  beginnings  of  sections 
C and  D (Figs  A2.5a,  ,6a,  ,7a,  and  .8a)  where  the  Air  Force  Profilometer 
measured  greater  long  wavelength  amplitudes. 

Closer  inspection  of  the  profile  plots  for  R/W  17R  reveals  somewhat  more 
subtle  differences.  Within  large  waveforms,  small  amplitude  changes  in  pro- 
file ele/ation  differ,  and,  in  general,  the  surface  dynamics  profiles  have 
greater  amplitudes.  Another  interesting  observation  is  the  difference  between 
the  profiles  of  each  section.  Sections  B and  C (Figs  A2.3,  .4,  .5,  and  .6) 
in  the  middle  of  the  runway  exhibit  a more  uniform  profile  than  do  the  end 
sections,  A and  C.  It  should  be  noted  that  Figs  A2.3  and  .4  have  a vertical 
scale  twice  as  large  as  the  other  plots  of  R/W  17R.  Also  interesting  is  the 
expected  similarity  of  right-of-center  and  left-of -center  profiles  (e.g., 

A2 . lb  versus  A2.2b  and  A2.5c  versus  A2.6c). 

Figures  A2.9a  through  A2 . 1 2c  illustrate  each  prof i lometer 1 s response  to 
flexible  pavement;  Figs  A2.9,  .10  and  .11  are  of  the  Runway  35  Right  center- 
line,  while  Fig  A2.12  is  the  right  wheelpath  of  Austin  Test  Section  Number  3. 

A visual  inspection  of  these  figures  reveals  much  more  significant  differences 
than  for  rigid  pavement.  Although  general  forms  of  the  profiles  are  similar, 
the  Surface  Dynamics  profiles  seem  to  contain  more  short-wavelength  roughness 
and  have  larger  amplitudes  than  the  Air  Force  profiles.  This  is  evidenced 
by  the  more  jagged  characteristics  and  the  amplitudes  of  the  largest  peaks  of 
the  Surface  Dynamics  profiles. 

The  differences  noted,  however,  are  reasonable.  Even  with  a location 
error  similar  to  that  of  rigid  pavement,  the  transverse  variation  of  a flex- 
ible pavement  profile  is  Increased  simply  because  the  pavement  is  flexible. 

One  cannot  expect  a comparison  of  profiles  on  flexible  pavement  to  be  as  good 
as  might  be  expected  on  rigid  pavement.  Difficulties  in  following  the  same 
profile  paths  on  the  flexible  pavements  were  mentioned  previously.  The 
comparison  of  the  profile  plots  for  these  sections  reinforces  the  supposition 
that  comparisons  for  flexible  pavement  would  be  somewhat  poor. 
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The  profile  plots  contained  in  Appendix  2 are  not  a complete  set  of 
all  possible  combinations  of  pavement  type,  section,  and  repetition.  They 
are,  however,  illustrative  examples  intended  to  provide  insight  to  further 
comparison  of  the  profilometers . 

Statistical  Analysis.  Although  visual  comparisons  of  pavement  surface 
profile  plots  are  very  informative,  several  statistical  techniques  are 
available  for  use  in  comparing  the  Air  Force  and  Surface  Dynamics  Profil- 
ometers. Of  interest  is  a comparison  of  the  mean  roughness  amplitudes  as 
measured  by  each  profilometer  and  characterized  by  the  ROKRUN  computer 
program. 

Several  statistical  techniques  are  available  with  which  one  can  test 
for  significant  differences.  Since  the  variables  of  interest  are  means  of 
roughness  amplitudes,  a comparison  of  profilometers  can  be  achieved  by  testing 
the  difference  between  the  means  of  the  mean  roughness  amplitudes  measured 
with  each  instrument.  The  hypothesis  we  wish  to  test  is,  thus, 


^SD 

II 

P 

5 

where 

^SD 

= the  mean  of  root  mean  square  (r.m.s.)  roughness  amplitudes 
as  measured  by  the  Surface  Dynamics  Profilometer, 

^AF 

K the  mean  of  r.m.s.  roughness  amplitudes  as  measured  by  the 
Air  Force  Profilometer. 

A null  hypothesis  of  equal  means  and  a corresponding  alternate  hypothesis 
of  unequal  means  (^gD  t p.^,)  Can  testec*  by  various  methods.  Since  the 
universe  standard  deviations  are  unknown,  the  t statistic  could  be  used, 
however,  this  would  be  an  inefficient  comparison  and  difficult  to  interpret. 

A much  more  efficient  and  powerful  means  of  testing  the  hypothesis  is  an 
analysis  of  variance  (ANOVA) . 

The  use  of  ANOVA,  though  actually  a comparison  of  the  variances,  pro- 
vides an  objective  criterion  with  which  to  decide,  "...  whether  the  variability 
between  groups  is  large  enough  in  comparison  with  the  variability  within 
groups  to  Justify  the  inference  that  the  means  of  the  populations  from  which 
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the  different  groups  were  drawn  are  not  all  the  same"  (Ref  21).  So,  in 
order  to  test  the  hypothesis  that  , an  ANOVA  tests  the  relation- 

ship of  the  variances  of  r.m.s.  roughness  amplitudes  as  determined  by  each 
protilometer . 

On  the  basis  of  the  available  data,  and  their  restrictions,  the  statisti- 
cal comparison  was  designed  as  illustrated  in  Fig  4.2.  Separate  ANOVA's  were 
planned  for  each  wavelength  passband  and  for  each  type  of  pavement.  The 
separation  according  to  pavement  type  was  based  on  the  visual  comparison 
of  profiles  and  accomplished  in  order  to  isolate  the  anticipated  poor 
comparison  caused  by  survey  line  following  error.  All  data  as  provided  by 
ROKRUN  are  presented  in  Appendix  3.  Asterisked  values  indicate  data 
eliminated  from  the  ANOVA.  These  values  were  all  Air  Force  Profilometer 
data  and  were  eliminated  due  to  obvious  differences  in  their  magnitude. 

The  available  data  indicated  a two-way  ANOVA  would  be  applicable,  as 
two  factors  contribute  to  the  values  of  roughness  amplitudes  (i.e.  profil- 
ometer and  section).  The  ANOVA's  were  accomplished  with  a computer  program 
for  a two-way  unequal  cell  ANOVA  available  from  the  statistical  library  of  the 
Center  for  Highway  Research.  The  program  utilizes  a non-additive  model 
as  follows  : 

yijk  = **  +ai  + Pj  + (Q<e)ij  +6(ij)k 

where 


I 

I 

I 
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overall  mean, 
row  effect  term, 
column  effect  term, 
interaction  term, 
experimental  error. 


ANOVA  results  for  the  rigid  pavement  sections  are  tabulated  in  Tables  A3. 5 
through  A3. 11.  Note  that  because  the  majority  of  roughness  amplitudes  were 
less  than  one  inch  (2.54  centimeters),  all  values  were  transformed  (multiplied 
by  1000),  thus  resulting  in  sum  of  squares  and  mean  square  values  multiplied 


J 

I 


57 


I 

I 

I 

I 


The  "a"  portion  of  each  table  contains  these  transformed  sum  of  squares 
and  mean  square  values.  The  F Ratio  is  unaffected,  as  the  multiplying 
factors  cancel  out.  The  "b"  portions  of  these  tables  contain  the  cell 
means  for  each  profilometer  as  well  as  the  percent  difference  between  the 
cell  means.  Each  pavement  section  (1-11)  is  also  identified  by  line  of 
survey  (e.g.,  CL-A  = centerline,  section  A;  ROC-B  = right-of-center , 
section  B) . 

Inspection  of  Tables  A3. 5 through  A3. 11  reveals  widely  varying  F ratios 
for  the  effects  of  profilometer  used  and  for  interaction  between  the  pave- 
ment section  and  profilometer.  In  all  cases,  there  are  significant  differences 
in  roughness  amplitudes  between  pavement  sections,  as  was  expected.  For 
convenience,  the  F ratios  for  profilometer  and  interaction  effects  are 
summarized  in  Table  4.2.  The  F ratios  from  ANOVA  for  the  flexible  pavement 
sections  are  included  in  Table  4.2,  but  because  of  the  obvious  significance 
of  all  but  two  values,  no  other  ANOVA  results  for  flexible  pavement  are 
presented . 

Interpretation  of  ANOVA  Results.  When  the  results  of  an  ANOVA  are 
interpreted,  care  must  be  taken  to  avoid  erroneous  conclusions.  This  is 
especially  true  when  significant  interaction  of  the  main  effects  is  present. 
Such  is  the  case  for  the  ANOVA  results  presented. 

In  testing  the  significance  of  the  main  effect  of  profilometer  type 
for  a level  of  significance  of  0.05,  systematic  differences  between  the  two 
prof i lometers  exist  in  the  third,  fourth,  and  sixth  passbands  (for  the  time 
being,  the  F ratio  for  the  fifth  passband  will  be  considered  as  non-signifi- 
cant). With  the  exception  of  the  sixth  passband,  where  known  differences 
exist  due  to  the  frequency  response  of  the  Surface  Dynamics  Profilometer,  the 
interaction  effect  is  not  significant  for  the  passbands  showing  significant 
profilometer  differences.  This  lack  of  interaction  indicates  that  the 
differences  between  the  profilometers  are  the  same  from  pavement  section  to 
pavement  section.  Conversely,  for  the  first,  second,  fifth,  and  seventh 
passbands , where  the  F ratios  indicate  no  systematic  differences  between 
the  two  profilometers,  there  are  significant  interaction  effects.  The 
presence  of  an  interaction  effect  indicates  that  differences  between  the 
profilometers  are  not  systematic  from  pavement  section  to  pavement  section. 
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TABLE  4.2.  SUMMARY  OF  F RATIOS 


Pavement 

Rigid 

Flexible 

Effect 

Profilometer  Interaction 

Profilometer 

Interaction 

Passband 

Number 

Feet 

1 

4 to  10 

1.98 

6.48* 

2481.82* 

33.57* 

2 

10  to  25 

0.88 

7.27* 

119.50* 

0.89 

3 

25  to  50 

66 . 70* 

1.06 

1191.28* 

84.76* 

4 

50  to  100 

58.71* 

0.83 

125.83* 

10.06* 

5 

100  to  200 

4 . 28** 

2.49* 

8.14* 

1.35 

6 

200  to  400 

73.88* 

6.57* 

1436.44* 

579.01* 

7 

3 to  200 

0.10 

2.16*** 

9.46* 

16.06* 

Critical  F Ratios 

Degrees  of  freedom 

1,28 

10,28 

1,8 

3,8 

a = 0.05  4.20  2.19  5.32  4.07 

★ 

Significant  at  a ' 0.05  level 

Bordering  on  non-significant  at  0.05  level 

ic-kic 

Bordering  on  significant  at  0.05  level 
NOTE:  1 foot  = .3048  meters 
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The  Interaction  effect  upon  the  differences  in  measured  roughness 
amplitudes  is  plainly  evident  in  plots  of  cell  means  for  the  various  pass- 
bands  (Figs  4.3  and  4.4).  These  figures  show  that  with  significant  inter- 
action there  is  crossing  over  in  the  plots.  Utilizing  Tables  A3. 5 through 
A3. 11  and  Figs  4.3  and  4.4,  the  following  observations  are  made: 

(1)  With  the  exception  of  the  middle  passbands  (25  to  50  and  50  to  100 
feet)  or  (7.62  to  15.24  and  15.24  to  30.5  meters),  the  Air  Force 
Profilometer  generally  measured  greater  roughness  amplitudes 
along  the  centerline  of  Runway  17  Right. 

(2)  The  differences  between  the  profilometers  are  fairly  consistent 
for  the  same  two  middle  passbands  along  the  right  and  left-of- 
center  survey  lines. 

(3)  Figure  4.3  shows  that  the  Air  Force  Profilometer  generally  measured 
higher  amplitudes  than  the  Surface  Dynamics  Profilometer  where 
roughness  was  relatively  large  and  lower  where  roughness  was 
relatively  small. 

(4)  In  general,  the  middle  sections  of  the  survey  lines  exhibit  lower 
roughness  amplitudes  than  the  end  sections. 

Significant  interactions  are  present  in  four  of  the  six  individual  pass- 
bands.  This  means  that  measurable  differences  exist  between  the  profilometers, 
but  the  differences  are  dependent  on  the  section  measured  (the  roughness 
encountered)  and,  therefore,  are  not  systematic  or  consistent.  Significant 
differences  between  the  profilometers  exist  for  the  remaining  individual 
passbands.  It  can  therefore  be  stated  that  measurable  differences  exist 
between  the  two  profilometers  when  considering  individual  passbands.  It 
should  be  noted,  however,  that  the  relative  magnitudes  of  the  differences  are 
small  and  are  due  in  part  to  the  excellent  repeatability  of  each  profilometer. 
When  considering  the  overall  3 to  200-foot  (.91  to  60.96-meter)  passband, 
neither  significant  difference  nor  interaction  is  indicated  (though  the 
interaction  F ratio  borders  on  significance),  thus  implying  no  measurable 
systematic  differences  between  the  profilometers  for  a broad  overall  passband. 

Further  comparison  of  the  profilometers  can  be  accomplished  by  comparing 
the  results  of  the  applications  of  their  profile  data.  At  present,  there  are 
two  applications  of  profilometer  data  in  the  area  of  pavement  roughness  eval- 
uation. The  first  application  is  the  use  of  Surface  Dynamics  Profilometer 
generated  data  in  mathematical  models  for  determining  highway  serviceability 
index  values.  The  other  application  is  as  an  input  for  the  AFWL  aircraft 
response  simulation  program.  If,  as  in  the  case  of  the  comparison  of  the  two 
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Air  Force  Prof i lometer  systems  cited  in  Ref  7,  the  profiles  of  the  two 
prof ilometers  resulted  in  equal  or  similar  aircraft  responses,  the  Air  Force 
and  Surface  Dynamics  Prof ilometers  could  be  stated  to  be  equivalent,  since 
the  final  output  desired  was  the  same.  Similarly,  if  serviceability  index 
values  determined  by  each  profilometer  are  similar,  the  pro f ilometers  could 
again  be  called  equivalent. 

It  was  not  feasible  to  input  all  the  profiles  into  an  aircraft  response 
simulation,  and,  thus,  it  is  not  known  whether  this  type  of  end  result  would 
indicate  profilometer  equivalence.  There  were,  however,  as  part  of  the 
characterization  of  the  profiles  by  ROKRUN,  serviceability  index  values 
resulting  from  each  profilometer.  Although  ROKRUN  determines  combined, 
transverse,  and  longitudinal  SI  values  for  each  passband  (see  Table  4.1), 
the  end  results,  or  all  passbands  considered  SI  values,  and  can  be 
compared  to  determine  the  comparability  of  the  prof ilometers . A set  of  such 
SI  values  for  each  profilometer  is  listed  in  Table  4.3a.  Inspection  of 
these  values  as  well  as  the  average  values  in  Table  4.3b  indicates  close 
agreement  between  the  values  from  each  profilometer.  It  should  be  noted  that, 
although  an  ANOVA  of  these  values  indicated  significant  differences,  the 
precision  of  the  values  is  greater  than  that  of  performance  panel  ratings. 
Reference  19  indicates  that  for  an  adequately  large  rating  panel,  the 
standard  deviation  of  the  mean  panel  rating  is  0.1.  The  difference  between 
prof ilometer-dete mined  serviceabilty  indices  is  less  than  0.1  in  all  cases. 

We  can  therefore  state  that  either  profilometer  will  predict  the  panel  rating 
with  the  same  accuracy.  The  accuracy  of  the  serviceability  indices  versus 
the  ratings  is  of  course  limited  by  the  accuracy  of  the  model  used  to  predict 
the  ratings. 

One  conclusion  can  be  drawn  from  the  results  of  the  comparison  at  this 
point.  For  rigid  pavements,  the  Air  Force  and  Surface  Dynamics  Prof ilometers 
are  comparable,  because  overall  serviceability  indices  determined  by  each 
profilometer  are  comparable.  This  statement  thus  implies  that,  if  equipped 
with  two  following  wheels,  the  Air  Force  Profilometer  could  be  used  with 
confidence  to  determine  rigid  highway  pavement  serviceability  indices. 

Similar  conclusions  concerning  the  comparability  of  the  profilometers  as  they 
might  apply  to  airfield  pavements  and  flexible  pavements  cannot  be  drawn 
for  several  reasons.  The  model  used  to  determine  serviceability  indices 
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does  not  include  the  longer  wavelength  information  applicable  to  airfield 
pavements.  It  is  therefore  unknown  whether  differences  in  these  longer  wave- 
lengths would  negate  the  favorable  comparison  of  SI  values  as  might  be 
determined  for  airfields.  Also,  without  results  of  an  aircraft  response 
simulation  from  each  profilometer , nothing  can  be  said  of  how  comparable 
results  are  when  the  profiles  are  considered  as  a whole.  Conclusions  cannot 
be  drawn  concerning  flexible  pavement  response,  due  to  the  inadequacy  of 
flexible  pavement  results  for  this  study. 

It  was  previously  mentioned  that  flexible  roughness  amplitudes  for  all 
passbands  differed  significantly.  One  might  conclude  then  that  the  two 
prof ilometers  do  not  compare  on  flexible  pavement.  This  would  be  a hasty 
conclusion.  It  was  also  previously  mentioned  that  greater  difficulty  in 
following  the  flexible  pavement  survey  lines  would  play  a role  in  comparing 
the  profilometers  on  flexible  pavement.  It  is  believed  that  the  significant 
differences  are  primarily  due  to  the  error  associated  in  following  the  same 
survey  line  with  each  profilometer.  It  is,  therefore,  reasonable  to  assume 
that  with  better  control  of  transverse  location,  improved  results  could  be 
obtained  for  flexible  pavement. 
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CHAPTER  5.  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

The  major  points  of  the  comparison  of  the  Air  Force  and  Surface  Dynamics 
Prof ilometers  are  summarized  below.  The  background  information  presented  in 
Chapter  1 is  also  included  for  completeness  and  for  the  convenience  of  the 
reader . 


Background 

(1)  Compared  to  the  highway  pavement  case,  relatively  little  has  been 
accomplished  in  applying  the  serviceability-performance  concept 
to  airfield  pavements. 

(2)  This  is  partially  due  to  the  difficulty  in  defining  just  what 
constitutes  failure  of  an  airfield  pavement  and  the  greater 
complexity  of  the  airfield  pavement  case. 

(3)  The  United  States  Air  Force  Weapons  Laboratory  is  presently  engaged 
in  research  to  quantify  runway  roughness.  To  do  so,  two  profilometer 
systems  have  been  utilized: 

(a)  a laser  reference  system  and 

(b)  an  inertial  reference  system  similar  in  concept  to  the  Surface 
Dynamics  Profilometer  developed  for  highway  pavement  research. 

(4)  For  the  benefit  of  both  highway  and  airfield  pavement  research,  the 
two  inertial  reference  prof i lometers  are  being  compared  with  respect 
to  their  basic  characteristics  and  outputs. 

Characteristics  of  the  Profilometer  Systems 

In  the  following  section,  the  basic  similarities  and  differences  of  the 
systems  are  noted. 

(1)  Both  systems  measure  surface  profiles  based  on  the  principle  of 
a mechanical  vibrometer  (Fig  2.2)  utilizing  accelerometers  to 
gather  long  wavelength  information  and  linear  displacement  devices 
to  collect  short  wavelength  information. 

(2)  Designed  for  use  on  airfield  pavements,  the  Air  Force  system  has 
only  one  contour  following  assembly,  and  it  includes  a stabilized 
accelerometer  platform,  while  the  Surface  Dynamics  Profilometer 
has  two  following  wheels,  one  in  each  wheelpath,  with  no  stabilized 
platforms . 
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(3)  Hie  Air  Force  Profilometer  data  are  in  digital  form,  whereas  the 
Surface  Dynamics  analog  or  continuous  output  must  be  converted 
to  digital  form  in  a separate  operation. 

(4)  The  Surface  Dynamics  Profilometer  requires  two  operators  versus  the 
three  required  for  the  Air  Force  Profilometer,  where  steering  and 
speed  control  responsibilities  are  separated. 

(5)  In  addition  to  limitations  of  individual  components,  the  frequency 
response  of  each  system  is  limited: 

(a)  by  the  operating  speed  and  high-pass  filter  selection  of  the 
Surface  Dynamics  Profilometer  and 

(b)  to  the  design  response  region  of  3 to  400-foot  (.9  to  121.9- 
meter)  wavelengths  for  the  Air  Force  Profilometer. 


Summary  and  Conclusions  of  the  Comparison  Experiment 

The  output  of  each  system  was  compared  both  visually  and  statistically. 
The  visual  comparison  of  plotted  profiles  from  each  system  indicated  a 
favorable  comparison  for  rigid  pavement  but  only  a basic  similarity  for 
flexible  pavement.  Statistical  analysis  revealed  measurable  differences 
between  the  two  profilometers  for  individual  narrow  passbands  but  not  for  an 
overall  broad  passband.  The  actual  observed  differences  are  relatively  small, 
and  produce  very  small  differences  in  serviceability  indices  computed  from 
each  system's  output.  The  differences  between  the  profilometers  are  more 
an  indication  of  the  excellent  repeatability  of  each  system  than  of  anything 
else.  The  results  of  the  comparison,  therefore  lend  credibility  to  both 
systems . 

The  comparison  is  summarized  below  in  further  detail. 

(1)  Visual  comparison  of  plotted  profiles  indicated  that: 

(a)  for  the  rigid  pavement  of  Runway  17  Right,  a favorable 
comparison  existed  when  the  profiles  were  superimposed  upon 
each  other.  Major  peaks  and  their  general  shapes  basically 
correspond  to  each  other.  Subtle  differences  exist  within 
the  large  waveforms;  however,  surface  dynamics  profiles 
have  slightly  greater  amplitudes  for  the  files  plotted. 

(b)  for  flexible  pavements,  there  is  a notable  lack  of  similarity. 
Although  the  general  forms  are  similar,  the  Air  Force  profiles 
lack  the  shorter  wavelength  roughness  present  in  the  surface 
dynamics  profiles. 

(2)  Varying  degrees  of  difference  were  noted  in  the  statistical  analysis 
of  rigid  pavement  mean  roughness  amplitudes. 
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(a)  Significant  differences  were  indicated  for  the  25  to  50  and 

50  to  100-foot  (7.6  to  15.2  and  15.2  to  30. 5-meter)  individual 
passbands . 

(b)  Frequency  response  limitations  of  the  Surface  Dynamics 
Profilometer  caused  significant  differences  in  the  200  to 
400-foot  (61.0  to  121.9-meter)  passband. 

(c)  While  no  significant  differences  were  indicated  for  the 
remaining  passbands,  significant  interaction  of  the  pavement 
section  and  the  profilometer  type  was  present  for  the  4 to  10, 

10  to  25  and  100  to  200-foot  (1.2  to  3.1,  3.1  to  7.6  an.  30.5 
to  61.0-meter)  passbands.  This  means  that  the  differences  are 
dependent  on  the  types  of  roughness  encountered. 

(d)  For  the  broad  passband  of  3 to  200  feet  (.9  to  61.0  meters), 
differences  of  the  means  were  not  significant;  however, 
significant  interaction  was  present.  It  appears  that  for  the 
higher  amplitude  roughness,  the  Air  Force  Profilometer  measures 
greater  amplitudes  than  the  Surface  Dynamics  Profilometer, 
while  for  lower  amplitudes  roughness  the  opposite  relationship 
holds . 

(e)  Except  where  significant  differences  existed  between  the  means, 
the  Air  Force  Profilometer  mean  amplitudes  were  always  greater 
than  the  surface  dynamics  mean  amplitudes  for  measurements 
along  the  centerline  of  Runway  17  Right. 

(f)  Differences  between  means  of  Serviceability  Indices  determined 
from  each  profilometer  were  no  greater  than  0.1,  the  standard 
deviation  of  serviceability  ratings  for  a sufficiently  large 
rating  panel. 

(3)  Statistically  significant  differences  between  prof ilometers  were 

indicated  for  the  flexible  pavement  sections  measured  in  this  study. 

It  is  believed  these  differences  were  primarily  caused  by  error  in 
the  lateral  location  of  the  survey  lines  measured  by  the  profilometers, 
resulting  in  comparison  of  different  lines  of  survey. 

The  above  summarized  results  and  observations  of  the  comparison  experiment 
lead  to  several  general  conclusions  concerning  the  equivalence  of  the  two 
profilometers . 

(1)  Although  no  conclusions  can  be  drawn  concerning  use  of  the 
profilometers  on  flexible  pavements,  rigid  pavement  results 
indicate  that: 

(a)  given  proper  lateral  control  of  following  wheel  location, 
either  profilometer  can  be  used  to  determine  serviceability 
indices  for  rigid  pavement  sections; 

(b)  even  though  no  definite  conclusions  can  be  drawn  concerning  use 
of  the  Surface  Dynamics  Profilometer  for  present  airfield  pave- 
ment applications,  it  is  reasonable  to  assume  that  similar 
outputs  from  an  aircraft  response  simulation  for  surface 
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dynamics  profiles  could  be  achieved  with  an  increase  in 
operating  speed  to  improve  the  low  frequency  response;  and 

(c)  with  greater  long  wavelength  response  the  Surface  Dynamics 
Profilometer , as  well  as  the  Air  Force  Profilometer , could 
be  used  with  some  mathematical  model  developed  in  the  future 
to  determine  airfield  pavement  serviceability  indices. 

(2)  Due  to  the  greater  variation  of  flexible  pavement  profiles  with 
respect  to  lateral  location,  e.g.  rutting  in  one  prof ilometer ' s 
survey  line  and  not  the  other's,  it  is  believed  that  improved 
results,  possibly  even  insignificant  differences,  could  be  obtained 
with  improved  control  of  the  paths  followed  by  each  profilometer 

on  flexible  pavement  sections. 

(3)  The  profilometers  do  not  differ  significantly  when  considering 

(a)  ease  of  operation, 

(b)  time  required  for  surveying, 

(c)  system  frequency  response,  or 

(d)  handling  system  output. 


Recommendations 

In  this  section,  areas  are  discussed  in  which  the  comparison  of  the 
profilometers  could  be  extended  or  improved,  and  some  additional  comments  on 
how  the  profilometer  systems  themselves  could  be  improved. 

(1)  The  results  of  this  comparison  could  be  extended  to  flexible  pave- 
ments if  measurements  were  again  taken  with  each  profilometer  on 

a flexible  pavement  section.  With  improved  control  of  lateral 
profilometer  positions,  more  definite  conclusions  could  be  drawn 
concerning  the  comparability  of  the  two  profilometers. 

(2)  The  conditional  conclusion  of  profilometer  equivalence  for  rigid 
highway  pavement  applications  could  be  extended  to  airfields  if 
results  of  aircraft  response  simulations  for  each  profilometer 
indicated  no  significant  differences.  The  Surface  Dynamics 
Profilometer  would  have  to  be  operated  at  greater  speeds  than  in 
this  comparison  in  order  to  obtain  accurate  long  wavelength 
information.  It  is  even  possible  that  with  additional  filtering 
introduced  in  a simulation  (i.e.  landing  gear  suspension,  aero- 
dynamic lift,  etc.),  that  the  aircraft  responses  from  the  profiles 
obtained  for  this  comparison  might  prove  to  be  similar. 

(3)  Development  of  a mathematical  model  to  determine  airfield  service- 
ability index  values,  as  discussed  in  Appendix  4,  would,  provide 
another  means  with  which  to  compare  the  two  profilometers. 
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(4)  Either  in  conjunction  with  additional  comparison  on  flexible 
pavements  or  as  a separate  experiment,  it  would  be  worthwhile  to 
verify  the  accuracy  and  precision  of  the  Surface  Dynamics 
Profilometer . Such  a verification  could  be  accomplished  by 
comparison  of  surface  dynamics  profiles  with  a true  profile 

such  as  might  be  determined  by  the  Air  Force's  laser  profilometer 
or  rod-ar.d-level  data. 

(5)  As  discussed  in  Chapters  2 and  3,  both  the  Air  Force  and  Surface 
Dynamics  Prof ilometers  are  effective  and  efficient  systems.  There 
are  however  improvements  that  could  be  made.  The  Air  Force 
Profilometer  could  be  improved  by 

(a)  automating  the  raising  and  lowering  of  the  following  wheel 

(b)  installing  a photocell  sensing  device  for  more  accurate 
initiation  and  termination  of  profile  data  gathering. 

As  concerns  the  Surface  Dynamics  Profilometer,  and  considering  its  age, 
improvement  might  be  possible  by  updating  or  overhauling  the  components  and/or 
the  vehicle  itself.  Consideration  should  also  be  given  to  the  separation  of 
steering  and  speed  control  responsibilities. 
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APPENDIX  1 

PROGRAM  ROKRUN  FOR  CHARACTERIZATION 
OF  PAVEMENT  PROFILES 
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POSITION  ALONG  THE  PAVEMENT  (Feet) 

FILTER  PASSBAND:  3.0  to  200.0  FOOT  WAVELENGTHS 


Fig  A2.9c.  Runway  35  Right,  Centerline,  Section  A,  File 
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Fig  A2.10a.  Runway  35  Right,  Centerline,  Section  B,  File 


Fig  2.10b.  Runway  35  Right,  Centerline,  Section  B,  File 


Fig  A2.10c.  Runway  35  Right,  Centerline,  Section  B,  File 


Runway  35  Right,  Centerline,  Section  C,  File 
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Fig  A2.12b.  Austin  Test  Section  Number  3,  Right  Wheelpath,  File 


A2.12c.  Austin  Test  Section  Number  3,  Right  Wheelpath,  File 
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Eliminated  Data 


TABLE  A3. 4.  ROUGHNESS  AMPLITUDES  (inches),  FLEXIBLE  PAVEMENT 


TABLE  A3. 4.  (Continued) 
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TABLE  A3. 5a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  4 to  10 ‘FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of  ^ 
Squares  X 10° 

Degrees  of 
Freedom 

Mean  ^ 

Square  x 10 

F 

Ratio 

Prof ilometer 

.7943 

1 

.7943 

1.98 

Main  Effects 

Section  Main 

64.1257 

10 

6.'  126 

15.95 

Effects 

Interactions 

26.0507 

10 

2.6051 

6.48* 

Error 

11.2592 

28 

.4021 

★ 

Significant  at 

a m .025  level 

TABLE  A3. 5b. 

CELL  MEANS, 

RIGID  PAVEMENT, 

4 to  10  FOOT  WAVELENGTHS 

Section 

Surface 

Dynamics 

Air 

Force 

Percent  Difference 
(SD-AF) /AF 

1 (CL-A) 

.01045 

.01209 

-13.56 

2 (CL-B) 

.00915 

.01189 

-23.04 

3 (CL-C) 

.00925 

.01041 

-11.14 

4 (ROC -A) 

.01205 

.01130 

6.64 

5 (ROC-B) 

.01194 

.01129 

5.76 

6 (ROC-C) 

.01166 

.00928 

25.65 

7 (ROC-D) 

.01325 

.01141 

16.13 

8 (LOC-A) 

.01350 

.01309 

3.13 

9 (LOC-B) 

.01149 

.01122 

2.41 

10  (LOC-C) 

.00973 

.00864 

12.62 

11  (LOC-D) 

.01059 

.00961 

10.20 

TOTAL 

.01119 

.01093 

2.32 

r 
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TABLE  A3. 6a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  10  to  25  FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of 

Squares  X 10° 

Degrees  of 
Freedom 

Mean  , 
Square  X 10° 

F 

Ratio 

Prof i lometer 

.4101 

1 

.4101 

.88 

Main  Effects 

Section  Main 

134.9166 

10 

13.4917 

28.86 

Effects 

Interactions 

33.9907 

10 

3.3991 

7.27* 

Error 

13.0901 

28 

.4675 

* 

Significant  at  a a .025  level 

TABLE  A3. 6b. 

CELL  MEANS, 

RIGID  PAVEMENT, 

10  TO  25  FOOT  WAVELENGTHS 

Surface 

Air 

Percent  Difference 

Section 

Dynamics 

Force 

(SD-AF) /AF 

1 (CL-A) 

.01838 

.02028 

- 9.37 

2 (CL-B) 

.01757 

.02095 

-16.13 

3 (CL-C) 

.01743 

.01856 

- 6.09 

4 (ROC -A) 

.02359 

.02340 

0.81 

5 (ROC-B) 

.02261 

.02318 

- 2.46 

6 (ROC-C) 

.02120 

.01917 

10.59 

7 (ROC-D) 

.02393 

.02095 

14.22 

8 (LOC-A) 

.02235 

.02189 

2.10 

9 (LOC-B) 

.02010 

.02133 

- 5.77 

10  (LOC-C) 

.01981 

.01940 

2.11 

11  (LOC-D) 

.02025 

.02012 

0.65 

TOTAL 

.02066 

.02084 

- 0.86 

mm 


r 


i 

g TABLE  A3. 7a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  25  to  50  FOOT  WAVELENGTHS 


Source  of 

| Variance 

Sum  of  , 

Squares  X 10° 

Degrees  of 
Freedom 

Mean  ^ F 

Square  X 10°  Ratio 

_ Profilometer 

107.0162 

1 

107.0162  66.70 

I Main  Effects 

Section  Main 

437.9781 

10 

43.7978  27.30 

■ Effects 

* Interactions 

17.0270 

10 

1.7027  1.06 

Error 

1 

44.9221 

28 

1.6044 

I 

>» 

jj  TABLE  A3. 7b.  CELL  MEANS,  RIGID  PAVEMENT, 

25  TO  50  FOOT  WAVELENGTHS 

Surface 

Air 

Percent  Difference 

| Section 

Dynamics 

Force 

(SD-AF) /AF 

I (CL- A) 

.02908 

.02558 

13.68 

f 2 (CL-B) 

.02522 

.02410 

4.65 

3 (CL-C) 

.03106 

.02968 

4.65 

| 4 (ROC-A) 

.03264 

.02969 

9.94 

5 (ROC-B) 

.02548 

.02285 

11.51 

I 6 (ROC-C) 

.03477 

.03065 

13.44 

" 7 (ROC-D) 

.02944 

.02674 

10.10 

» 8 (LOC-A) 

.03562 

.03039 

17.21 

® 9 (LOC-B) 

.02615 

.02340 

11.75 

10  (LOC-C) 

.02934 

.02712 

8.19 

| 11  (LOC-D) 

.03224 

.02809 

14.77 

TOTAL 

.03009 

.02712 

10.95 

&0' 
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TABLE  A3. 8a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  50  to  100  FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of 

Squares  X 10° 

Degrees  of 
Freedom 

Mean  . 

Square  X 10 

F 

Ratio 

Profilometer 

208.9252 

1 

208.9252 

58.71 

Main  Effects 

Section  Main 

981.1380 

10 

98.1138 

27.57 

Effects 

Interactions 

29.3578 

10 

2.9358 

.83 

Error 

99.6338 

28 

3.5583 

TABLE  A3. 8b. 

CELL  MEANS, 

RIGID  PAVEMENT, 

50  TO  100  FOOT  WAVELENGTHS 

Section 

Sur face 
Dynamics 

Air 

Force 

Percent  Difference 
(SD-AF) /AF 

1 (CL-A) 

.04495 

.04181 

7.51 

2 (CL-B) 

.03690 

.03596 

2.61 

3 (CL-C) 

.04512 

.03962 

13.88 

4 (ROC-A) 

.04470 

.04045 

10.51 

5 (ROC-B) 

.03727 

.03437 

8.44 

6 (ROC-C) 

.04896 

.04378 

11.83 

7 (ROC-D) 

.05540 

.04833 

14.63 

8 (LOC-A) 

.04878 

.04479 

8.91 

9 (LOC-B) 

.04680 

.04161 

12.47 

10  (LOC-C) 

.04817 

.04516 

6.67 

11  (L0C-D) 

.04152 

.03697 

12.31 

TOTAL 

.04532 

.04117 

10.08 
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TABLE  A3. 9a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  100  to  200  FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of 

Squares  X 10° 

Degrees  of 
Freedom 

Mean  , 
Square  X 10° 

F 

Ratio 

Prof  Home  ter 

175.9243 

1 

175.9243 

4.28 

Main  Effects 

Section  Main 

27358.0436 

10 

2735.8044 

66.59 

Effects 

Interaction 

1022.0838 

10 

102.2084 

2.49  * 

Error 

1150.4119 

28 

41.0861 

★ 

Significant  at 

or  ■ .05  level 

TABLE  A3. 9b. 

CELL  MEANS, 

RIGID  PAVEMENT, 

100  TO  200  FOOT  WAVELENGTHS 

Section 

Surface 

Dynamics 

Air 

Force 

Percent  Difference 
(SD-AF) /AF 

1 (CL-A) 

.10286 

.10428 

- 1.36 

2 (CL-B) 

.04906 

.05348 

- 8.26 

3 (CL-C) 

.07207 

.07101 

1.49 

4 (ROC-A) 

.11029 

.10178 

3.36 

5 (ROC-B) 

.05956 

.05735 

3.85 

6 (ROC-C) 

.06205 

.06551 

- 5.28 

7 (ROC-D) 

.09752 

.12315 

-20.81 

8 (LOC-A) 

.07468 

.07122 

4.86 

9 (LOC-B) 

.05127 

.05092 

0.69 

10  (LOC-C) 

.07979 

.08526 

- 6.42 

11  (LOC-D) 

.10999 

.12711 

-13.47 

TOTAL 

.07901 

.08282 

- 4.60 

147 


TABLE  3,109. 


ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  200  Co  400  FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of 
Squares 

Degrees  of 
Freedom 

Mean 

Square 

F 

Ratio 

Profilometer 

11.5547 

1 

11.5547 

73.88 

Main  Effects 

Section  Main 

10.1912 

10 

1.0191 

6.52 

Effects 

Interactions 

10.2732 

10 

1.0273 

6.57* 

Error 

4.3792 

28 

.1564 

♦Significant  at 

a ■ .025 

level 

TABLE  3.10b. 

CELL  MEANS, 

RIGID  PAVEMENT, 

200  TO  400  FOOT  WAVELENGTHS 

Section 

Surface 

Dynamics 

Air 

Force 

Percent  Difference 
(SD-AF)/AF 

1 (CL-A) 

.15639 

.25081 

-37.65 

2 (CL-B) 

.08663 

.52224 

-83.41 

3 (CL-C) 

.06474 

1.09131 

-94.07 

4 (ROC -A) 

.16248 

.24877 

-34.69 

5 (ROC-B) 

.08258 

.61137 

-86.49 

6 (ROC-C) 

.06543 

1.29160 

-94.93 

7 (R0C-D) 

.11899 

3.14401 

-96.22 

8 (LOC-A) 

.10600 

.27535 

-61.50 

9 (LOC-B) 

.08608 

.46641 

-81.54 

10  (LOC-C) 

.08468 

1.54093 

-94.50 

11  (LOC-D) 

.13262 

2.45311 

-94.59 

TOTAL 

.10424 

1.08145 

-90.36 
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TABLE  A3. 11a.  ANALYSIS  OF  VARIANCE,  RIGID  PAVEMENT,  3 to  200  FOOT  WAVELENGTHS 


Source  of 
Variance 

Sum  of 

Squares  X 106 

Degrees  of 
Freedom 

Mean  , 
Square  X 10° 

F 

Ratio 

Profilometer 

3.3969 

1 

3.3969 

.10 

Main  Effects 

Section  Main 

20544.7421 

10 

2054.4742 

57.60 

Effects 

Interaction 

770.0530 

10 

77.0053 

2.16* 

Error 

998.6677 

28 

35.6667 

Significant  at 

a = .10  level 

TABLE  A3. lib. 

CELL  MEANS,  RIGID  PAVEMENT, 

3 TO  200  FOOT  WAVELENGTHS 

Section 

Surface 

Dynamics 

Air 

Force 

Percent  Difference 
(SD-AF)/AF 

1 (CL-A) 

.12963 

.13033 

- 0.54 

2 (CL-B) 

.08043 

.09042 

-11.05 

3 (CL-C) 

.10609 

.11296 

- 6.08 

4 (ROC- A) 

.14310 

.13182 

8.56 

5 (ROC-B) 

.09208 

.08743 

5.32 

6 (ROC-C) 

.10405 

.09946 

4.61 

7 (ROC-D) 

.13629 

.14945 

-8.81 

8 (LOC-A) 

.11536 

.10729 

7.52 

9 (LOC-B) 

.09011 

.08392 

7.38 

10  (LOC-C) 

.11520 

.11507 

0.11 

11  (LOC-D) 

.13579 

.14580 

6.87 

TOTAL 

.11347 

.11400 

- 0.46 

I 
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AN  INVESTIGATION  INTO  THE  APPLICATION  OF  THE  SERVICEABILITY-PERFORMANCE 
CONCEPT  TO  AIRFIELD  PAVEMENT  DESIGN 


APPENDIX  4. 


AN  INVESTIGATION  INTO  THE  APPLICATION  OF  THE 
PAVEMENT  SERVICEABILITY-PERFORMANCE 
CONCEPT  TO  AIRFIELD  PAVEMENT  DESIGN 


INTRODUCTION 


The  introduction  of  the  pavement  serviceability-performance  concept,  as 
presented  by  Carey  and  Irick  (Ref  1),  has  been  one  of  the  most  important 
developments  in  the  field  of  highway  pavement  design.  Considerable  progress 
has  been  made  in  developing  a systems  approach  to  highway  pavement  design 
by  utilizing  this  concept  as  the  basis  for  determining  the  performance  of 
a pavement.  Although  work  has  been  done  in  conceptualizing  a similar 
systems  approach  to  airfield  pavement  design  (Refs  3 and  4),  relatively 
little  has  been  accomplished  in  applying  the  serviceability-performance  con- 
cept to  the  more  complex  realm  of  airfield  pavement  design. 

In  order  to  further  the  development  of  the  airfield  pavement  system  as 
proposed  by  Hudson  and  Kennedy  (Ref  3),  some  method  of  measuring  airfield 
pavement  performance  is  required.  A serviceability-performance  technique, 
similar  to  that  used  for  highway  pavements,  could  resolve  this  deficiency, 
and  thereby  allow  better  design  and  maintence  of  airfield  pavements. 


BACKGROUND 


In  order  to  develop  a serviceability-performance  technique  for  evaluating 
airfield  pavements,  one  must  first  be  familar  with  the  technique  as  it 
applies  to  the  evaluation  of  highway  pavements.  The  basic  assumptions  of 
the  highway  technique  are  that  "...  the  quality  of  service  provided 
by  the  pavement  is  subjective  on  the  whole,  and  the  serviceability  of  a 
given  pavement  is  defined  as  the  mean  of  the  subjective  ratings  given  to 
it  by  all  of  its  users,"  (Ref  6).  A history  of  serviceability  ratings  can 
then  be  used  as  an  indication  of  the  performance  of  a particular  highway  pave- 
ment section.  Carey  and  Irick  (Ref  1)  also  demonstrated  that  serviceability 
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values  also  could  be  obtained  from  objective  measurements  of  certain  pavement 
characteristics  (e.g.,  slope  variance,  amounts  of  cracking  and  patching,  and 
rutting).  More  recent  developments  have  enabled  the  determination  of 
estimates  of  serviceability  ratings  from  power  spectral  density  analysis 
(Ref  22)  and  digital  filtering  (Ref  19)  of  pavement  profiles  obtained  with 
the  Surface  Dynamics  Prof ilometer , 

There  exist,  then,  two  approaches  for  determining  the  serviceability  and 
thus  the  performance  of  a particular  pavement  section: 

(1)  subjective  ratings  given  to  the  pavement  by  all  of  its  users  and 

(2)  estimates  or  predictions  of  subjective  ratings  derived  from 
objective  measurements  of  pavement  characteristics. 

McCullough  and  Steitle  (Ref  6)  developed  a subjective  rating  procedure  for 
airfield  runways  as  part  of  a study  to  establish  guidelines  for  roughness 
evaluation.  This  is,  however,  the  only  known  example  of  subjective 
ratings  (as  given  by  airline  pilots)  given  to  airfield  pavements.  Quite 
the  opposite  is  true  concerning  efforts  involving  objective  measurements  of 
airfield  pavements.  The  National  Aeronautics  and  Space  Administration  (NASa) , 
the  U.S.  Air  Force,  the  Federal  Aviation  Administration  (FAA),  and  others,  are 
currently  or  have  been  conducting  research  on  airfield  pavement  evaluation. 

The  primary  course  of  the  work  done  by  the  above  agencies  involves  the 
development  of  criteria  to  define  the  characteristics  of  runway  toughness 
that  would  indicate  runway  failure.  The  early  efforts  to  characterize 
runway  roughness  utilized  power  spectral  curves  to  define  acceptable  and 
unacceptable  levels  of  roughness.  It  was  soon  discovered,  however,  that 
"...  the  power  spectral  criterion  was  not  completely  satisfactory  to  define 
an  acceptable  level  of  roughness  for  all  operating  problems,"  primarily  because 
of  its  inability  to  distinguish  between  a large  amount  of  small  amplitude 
roughness  and  a small  amount  of  large  amplitude  roughness  (Ref  20). 

More  recent  efforts  in  runway  roughness  reseerch  utilize  aircraft 
response  as  measures  of  roughness.  Various  aircraft  responses,  such  as 
landing  gear  stress,  center-of-gravity  and  cockpit  normal  accelerations, 
pitch,  and  roll,  are  obtained  by  instrumenting  aircraft  or  through 
computerized  aircraft  response  simulations.  In  general,  the  normal  accelera- 
tion responses  have  been  used  to  evaluate  human  failure  (user  response  to 
roughness),  while  others  are  more  related  to  component  and  structural  failure. 
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The  criterion  for  separating  satisfactory  and  unsatisfactory  runways,  as 
concerns  human  response,  has  been  suggested  as  maximum  vertical  accelerations 
in  the  cockpit  not  exceeding  ± 0.4g  (Ref  20).  This  criterion  has  tended  to 
be  supported  by  pilot  observations  of  runway  roughness  (Refs  5,  23,  and  24), 
where  pilot  comparisons  of  roughness  on  several  runways  agreed  qualitatively 
with  the  comparisons  of  cockpit  accelerations. 

Although  the  ± 0.4g  criterion  has  been  shown  to  relate  to  user  (pilot) 
response,  a subjective  rating  technique  of  some  form,  such  as  in  Reference  6, 
has  yet  to  be  utilized  on  a large  enough  scale  to  relate  such  subjective 
indications  of  serviceability  or  performance  to  objective  measurements.  It 
is  believed  that  major  progress  could  be  made  in  defining  airfield  pavement 
failure  by  establishing  an  airfield  serviceability  rating  system  and  by 
gathering  sufficient  data  to  relate  such  ratings  to  objective  measurements 
of  airfield  pavements. 


FORMULATION  OF  AN  AIRFIELD  SERVICEABILITY-PERFORMANCE  CONCEPT 

Following  a minimum  program  for  the  establishment,  derivation,  and 
validation  of  a Present  Serviceability  Index  as  presented  by  Carey  and 
Irick  (Ref  1),  the  following  section  applies  to  the  establishment,  derivation, 
and  validation  of  a similar  index  for  airfield  pavements. 

Establishment  of  Definitions 

To  establish  uniformity,  a precise  understanding  of  terms  is  necessary 
for  all  involved  in  this  process.  The  following  definitions  are  proposed 
for  an  airfield  pavement  serviceability-performance  concept  and  differ  only 
slightly  from  those  given  by  Carey  and  Irick: 

Present  Serviceability  - the  ability  of  a specific  section  of  pavement 
to  serve  high-speed,  high  volume,  mixed  (heavy  and  light  aircraft)  traffic 
in  its  existing  condition. 

Individual  Airfield  Serviceability  Rating  - an  independent  rating  by  an 
individual  of  the  present  serviceability  of  a specific  section  of  runway  or 
taxi way  made  by  marking  the  appropriate  point  on  a rating  scale. 
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Airfield  Serviceability  Rating  (ASR)  - the  mean  of  the  Individual 
ratings  made  by  the  members  of  a specific  rating  panel. 

Airfield  Serviceability  Index  (ASI)  - a mathematical  combination  of 
values  obtained  from  certain  physical  measurements  of  a large  number  of 
airfield  pavements  so  formulated  as  to  predict  the  ASR  for  those  pavements 
within  prescribed  limits. 


Airfield  Performance  Index  (API)  - a summary  of  ASI  values  over  a 
period  of  time. 

These  definitions  are  essentially  the  same  as  those  defined  by  Carey 
and  Irick  with  only  certain  words  or  wording  changed  to  make  certain  it  is 
understood  that  they  apply  to  airfield  pavements.  This  is  necessary,  in 
part,  due  to  the  work  already  done  by  McCullough  and  Steitle  (Ref  6),  where 
the  rating  scale  is  opposite  that  of  the  highway  rating  scale  (i.e.,  the 
range  of  0 to  1 is  "very  good"  instead  of  "very  poor") . It  remains  undecided 
whether  this  reversal  of  scale,  based  on  an  assumption  that  pilots  would  be 
rating  the  amount  of  roughness  encountered  rather  than  the  lack  of  it  (Ref  6), 
should  be  retained.  If  the  scale  were  not  reversed,  the  terms  ASR,  ASI,  and 
API  could  remain  as  PSR,  PSI,  and  PI,  but  they  would  apply  to  both  highway 
and  airfield  pavements. 


Establishment  of  Rating  Group  or  Panel 

To  be  a true  indication  of  how  an  airfield  pavement  is  serving  traffic, 
individual  ASR's  should  be  given  by  a representation  of  all  users.  This 
however,  is  not  practical,  and  research  (Refs  23,  24)  has  shown  that  the 
aircraft  pilot  experiences  greater  accelerations  than  to  the  passengers. 

In  addition,  it  is  the  pilot  who  is  responsible  for  the  safety  and  comfort 
of  the  passengers.  It  is  therefore  reasonable  to  conclude  that  using  pilots, 
and  possibly  other  crew  members  in  the  cockpit,  as  rating  panel  members  would 
provide  satisfactory  user  ratings.  Also,  it  should  be  recognized  that  many 
aircraft  have  no  passenger  carrying  capability  and  thus  a requirement  for 
passenger  ratings  would  not  apply  to  many  aircraft  types  and  the  pavements 
they  use. 
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Orienting  and  Training  of  the  Rating  Panel 

Important  in  either  the  highway  or  airfield  case,  this  step  can  also  be 
one  of  the  moat  difficult.  If  special  panels  were  assembled  to  rate 
all  pavement  sections,  training  would  be  relatively  simple.  However,  for 
a more  practical  and  leas  expensive  approach,  adequate  instructions  and 
rating  forms  could  be  distributed  to  airline  pilots  who  frequently  operate 
at  the  airfield  to  be  rated,  as  was  done  in  Reference  6.  This  Btep  would 
be  relatively  easy  for  military  airfields  as  a majority  of  traffic  is 
regularly  scheduled  and  usually  returns  within  a short  period  of  time. 

Selection  of  Pavements  for  Rating 

A wide  range  of  pavement  types,  locations,  and  conditions  should  be 
included.  The  selection  process  can  be  expensive,  as  a large  number  of 
airfields  will  have  to  be  studied,  and,  to  be  representative,  will  have  to  be 
geographically  separated  by  large  distances.  It  is  quite  possible  that 
selection  of  pavements  could  be  dictated  by  the  ability  to  obtain  the 
physical  measurements  necessary  to  derive  an  ASI. 

The  steps  of  field  rating,  replication,  and  validation  require  no 
special  emphasis  over  that  of  the  highway  application.  Standard  experimental 
procedures  apply  in  both  cases. 

Physical  Measurements 

There  are  two  basic  categories  of  surface  characteristics  that  can 
be  described  by  measurements:  deformation  and  deterioration.  The  PSI 
equation  derived  by  Carey  and  Irick  included  both  types;  slope  variance 
and  rut  depth  representing  surface  deformation,  and  cracking  and  patching 
representing  surface  deterioration.  Presently  available  PSI  models  (Ref  19) 
have  been  developed  on  the  basis  that  "serviceability  was  a function 
primarily  of  longitudinal  and  transverse  profile  ..."  (Ref  1).  Profile 
measurements  for  these  models  are  being  made  with  the  Surface  Dynamics 
Profilometer . It  is  thus  anticipated  that  the  optimum  measurements  to 
obtain  for  airfield  pavements  would  also  be  profiles  obtained  from  relatively 
high  speed  profilometers  such  as  the  Surface  Dynamics  Profilometer  or  the  U.S. 
Air  Force  owned  profilometer  systems.  As  there  are  three  wheelpaths  for 
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almost  all  aircraft,  profiles  should  be  taken  along  three  lines:  left-of- 

centerline,  centerline,  and  right-of-centerline;  lateral  separation  of  the 
left  and  right-of-centerline  surveys  can  be  established  as  an  average  for 
various  aircraft  landing  gear  spacings,  as  the  actual  lateral  location 
of  each  aircraft  operation  is  variable.  It  should  hardly  require  noting 
that  the  physical  measurements  should  be  obtained  at  approximately  the 
same  time  as  the  rating  sessions  are  conducted  because  the  pavement  profiles 
will  vary  with  time. 

Summaries  of  Measurements 

Numerous  methods  of  summarizing  profiles  are  available:  slope  and 

cross-slope  variance,  roughness  index,  power  spectral  density  analysis, 
etc.  Present  summaries  being  utilized  by  the  Center  for  Highway  Research 
and  the  U.  S.  Air  Force  (Ref  25)  are  the  mean  square  and  root  mean  square 
amplitudes  of  digitally-filtered  profiles.  As  these  summaries  provide 
straightforward  indications  of  roughness,  it  is  believed  that  they  should 
be  used  in  the  derivation  of  an  Airfield  Serviceability  Index. 

Derivation  of  an  Airfield  Serviceability  Index 

The  final  step  in  the  formulation  of  an  airfield  serviceability-perfor- 
mance concept  is  to  develop  a mathematical  formula  that  will  predict 
ASR's  within  a satisfactory  tolerance.  In  addition  to  profile  measurement 
variables,  it  is  believed  that  other  variables  indicating  certain  aircraft 
characteristics  must  be  included  in  the  formula,  resulting  in  a general 
mathematical  form  for  the  Airfield  Serviceability  Index  of 

n m 

ASI  - K + ( E A R ) + ( E B C ) 

1-1  11  j-1  J J 


where 


R^  values  are  functions  of  the  profile  roughness; 


values  are  functions 


of  aircraft  characteristics;  and  K 


A^  , and 


Bj  are  coefficients 
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determined  by  multiple  linear  regression  analysis.  The  Inclusion  of  nonlinear 
terms,  including  interactions,  should  be  considered.  The  regression  analysis 
would  be  used  also  to  determine  which  variables  are  the  most  important  and 
those  that  could  be  neglected  in  the  ASR  predicting  equation. 


VARIABLES  IN  THE  AS I EQUATION 

The  general  form  of  the  ASI  equation  presented  above  includes  variables 
that  are  functions  of  the  profile  roughness  and  aircraft  characteristics. 

As  previously  mentioned,  it  is  believed  that  the  most  applicable  measures 
of  roughness  are  mean  square  and  root  mean  square  roughness  amplitudes. 

However,  as  an  aircraft  is  accelerating  for  take-off  or  decelerating 
when  landing  its  velocity  is  constantly  changing.  Since  an  aircraft  will 
respond  differently  to  the  same  profile,  depending  on  the  aircraft  velocity 
(Ref  6),  the  location  of  the  types  of  roughness  becomes  an  important  factor 
(e.g.,  a long,  rolling  profile  is  not  as  critical  at  the  start  of  a take- 
off, where  velocity  is  low,  as  it  is  just  prior  to  take-off,  where  velocity 
is  high).  As  a result  of  the  importance  of  roughness  location,  discrete 
segments  of  the  profile  should  be  analyzed,  creating  a matrix  of  roughness 
variables  for  the  regression  analysis. 

There  are  many  characteristics  to  consider  when  deciding  which  variables 
of  aircraft  characteristics  to  include  in  the  regression  analysis.  Each 
aircraft  and  its  operation  are  unique,  as  weights,  gear  spacinga,  configurations, 
etc.  vary,  thus  providing  different  influences  on  the  pilot  and  his  rating 
of  a runway.  An  example  of  these  influences  can  be  seen  upon  examining 
the  individual  ASR's  given  in  Reference  6,  where  the  riding  quality  generally 
decreased  as  aircraft  size/weight  increased.  It  is  believed  that  the  most 
significant  variable  of  aircraft  characteristics  would  be  a function  of  the 
aircraft  weight,  as  other  characteristics  are  related  to  the  aircraft  weight. 
Once  again,  the  regression  analysis  would  indicate  the  importance  of  the 
selected  variables. 

The  variation  of  the  individual  ASR's  according  to  aircraft  size,  as 
given  in  Reference  6,  complicates  the  derivation  of  ASI's.  By  definition, 
the  ASR  of  a particular  airfield  pavement  is  the  mean  of  individual  ratings 
given  by  a panel  representing  all  users.  There  are,  however,  airfields  that 
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do  not  or  cannot  serve  all  users  or  all  sizes  of  aircraft  due  to  runway  length 
and  thickness,  military  mission,  etc.  This  is  not  so  great  a problem  in 
determining  ASl's,  as  a set  of  ASl's  could  be  determined  (one  for  each 
aircraft  type/size)  and  then  combined  to  produce  an  overall  ASI  to  represent 
all  potential  users.  However,  individual  ASR's  for  each  aircraft  type/size 
at  each  airfield  might  not  be  available  and  this  would  prohibit  the  formulation 
of  an  ASR  to  represent  all  potential  users.  It  is  therefore  suggested  that 
the  ASR  and  ASI  values  for  each  airfield  represent  only  the  actual  or  present 
users  and  not  potential  users.  This  would  indicate  that  an  identical  ser- 
viceability for  two  airfields  would  not  imply  that  the  airfields  could  serve 
identical  traffic  in  the  same  manner. 

Overall  ASR  and  ASI  values  of  individual  airfields,  thus  being  unique 
to  each  airfield  and  its  traffic,  would  be  some  weighted  functions  of  sets 
of  ASR  and  ASI  values  for  individual  aircraft  types/sizes.  It  is  unknown 
at  this  time,  because  of  the  limited  amount  of  available  data,  whether  signif- 
icant differences  would  exist  between  the  take-off  and  landing  operations 
thus  necessitating  further  subdivision  of  rating  conditions.  It  is  therefore 
possible  that  the  following  formulations  would  apply: 

ASR  = f <ASR1jT0,  ASR1l,  . . . ASR.j,  . . .) 
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and  ASR 
landing) 


for  the 


. th 


aircraft  type  and 


.th 

J 


ASI 


(asii,to’  asii,l’ 


ASI 


ij’ 


.) 


where 


ASI 
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above , 
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CONCLUSIONS 

The  application  of  the  serviceability-performance  concept  to  airfield 
pavements  is  a complex  matter,  due  in  most  part  to  the  wide  variability  of 
the  using  aircraft.  A pavement  that  serves  one  type  of  aircraft  well  will 
not  necessarily  give  the  same  level  of  service  to  another  type  of  aircraft. 

As  such,  the  serviceability  ratings  and  indices  obtained  and  derived  for 
an  airfield  should  take  into  account  the  present  using  aircraft  types,  not 
all  aircraft  types.  This  is  also  consistent  with  the  definition  of  Present 
Serviceability. 

The  preliminary  work  done  by  McCullough  and  Steitle  (Ref  6)  in 
developing  a serviceability  technique  for  airfield  pavements  tends  to 
support  the  establishment  of  ASR  and  ASI  values  for  groups  of  aircraft 
types  and  sizes.  Overall  ASR  and  ASI  values  for  each  pavement  section 
(runway,  taxiway,  etc.)  could  be  determined  as  weighted  combinations 
of  the  aircraft  type/size  ASR  and  ASI  values.  One  possible  method  for 
weighting  these  values  would  be  according  to  the  traffic  distribution  or 
mix  on  each  pavement  section. 

The  work  necessary  to  obtain  all  the  required  data  to  implement 
the  foregoing  discussion  is  by  no  means  simple.  One  or  several  rating 
panels  must  be  established,  trained,  and  then  rate  a sufficiently 
large  sample  of  airfield  pavements  (138  pavement  sections  were  rated 
for  the  highway  case).  Profile  measurements  must  be  taken  for  all  of 
the  pavement  sections  thus  rated,  and  at  approximately  the  time  that  the 
rating  sessions  occur.  With  such  large  amounts  of  information,  much  effort 
will  have  to  be  expended  to  derive  an  expression  for  ASI  values.  If 
considered  as  a separate  effort,  the  cost  and  amount  of  time  required  to 
undertake  the  preliminary  development  of  an  airfield  serviceability-performance 
concept  could  be  prohibitive.  As  such,  some  consideration  should  be  given  to 
the  establishment  of  rating  sessions  in  conjuction  with  other  ongoing  research 
that  obtains  the  required  physical  measurements. 

This  investigation  into  the  application  of  the  serviceability-performance 
concept  to  airfield  pavements  is  by  no  means  complete.  Several  decisions 
remain  to  be  made  and  most  likely  will  depend  on  the  data  gathering  and 
regression  analysis  yet  to  be  accomplished.  Even  though  much  time,  effort, 


and  expenditure  will  be  required  to  realize  a serviceability  technique 
for  airfield  pavements,  the  long-range  impact  and  benefits  of  such  work 
more  than  justify  any  efforts  to  further  develop  such  concepts. 
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